Measurement and analysis of ambient atmospheric particulate matter in urban and remote environments by Hagler, Gayle S. W.
MEASUREMENT AND ANALYSIS OF AMBIENT ATMOSPHERIC 


























In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy in the  
















MEASUREMENT AND ANALYSIS OF AMBIENT ATMOSPHERIC 




















Dr. Michael H. Bergin, Advisor 
School of Civil and Environmental Engineering and 
School of Earth and Atmospheric Sciences 
Georgia Institute of Technology 
 
Dr. James A. Mulholland 
School of Civil and Environmental Engineering 
Georgia Institute of Technology 
 
Dr. Armistead G. Russell 
School of Civil and Environmental Engineering 
Georgia Institute of Technology 
 
Dr. James J. Schauer 
Department of Civil and Environmental Engineering 
University of Wisconsin-Madison 
 
Dr. Rodney J. Weber 
School of Earth and Atmospheric Sciences 
Georgia Institute of Technology 
                         
Date approved: 
















This thesis is dedicated to Ty,  
who climbed this mountain with me. 

































There are quite a few people I wish mention for their tremendous support in my research 
and in my personal growth throughout graduate school.  
 
I would like to thank my thesis committee, including my advisor, Mike Bergin, and 
committee members Ted Russell, Rodney Weber, Jim Mulholland, and Jamie Schauer.  
As a student in their classes, an author on collaborative papers, and a co-investigator on 
research problems, these five faculty members have been a catalyst in my development as 
a student and researcher.  In particular, I would like to thank Mike for his endless 
patience, unconditional support, and commitment to excellent research.  I would not have 
made it to this point without such an amazing advisor.  In addition, I cannot thank enough 
the staff, faculty, and fellow students in the Environmental Engineering Department and 
School of Civil and Environmental Engineering.  They have all made my graduate school 
experience rewarding from start to finish. 
 
In my research studies in China, I am deeply thankful for positive collaboration with 
Lynn Salmon of Caltech, Mei Zheng and Bill Chameides at Georgia Tech, the scientists 
of the Hong Kong, Guangzhou, and Zhongshan Environmental Protection Departments, 
Christine Loh and Kylie Uebergang of Civic Exchange, Jianzhen Yu, Eric Wan, and all 
my friends at HKUST, Tao Wang at Hong Kong PolyU, C.S. Kiang, Xiaoyan Tang, 
Yuanghang Zhang, Zeng Limin, and Yang Qiang of Beijing University, and Sjaak 
Slanina of the Energy Institute of the Netherlands.  In addition, I am thankful for the 
 iv
access to meteorological data provided by the HKEPD, the Chinese Meteorological 
Association, and the Center for Coastal and Atmospheric Research at HKUST. 
 
Moving to the Greenland Ice Sheet and the Colorado Rockies, I greatly appreciate the 
support of our co-investigators, including Erika von Schneidemesser and Martin Shafer at 
the University of Wisconsin-Madison, and Jack Dibb, Casey Anderson, and Rob Griffin 
at the University of New Hampshire.  In addition, I am thankful for the research support 
provided by staff of the University of Colorado Mountain Research Station, Veco Polar 
Resources, New York Air National Guard 109th Airlift Wing, ETH Zürich, and members 
of the Russell lab (Sangil Lee, Hyeonkook Kim, Evan Cobb) and Weber lab (Chris 
Hennigan, Amy Sullivan, Rick Peltier, Arsineh Hecobian). 
 
For my personal financial support, I am very grateful for graduate fellowships provided 
by Georgia Tech, the National Science Foundation, the American Association of 
University Women, and P.E.O. International. 
 
Finally, there are never enough words to express how thankful I am for the endless 
support of my family.  My parents and sisters would have formed an official uniformed 
cheerleading squad if I had let them.  My husband’s family, the Hagler and Livesay clan, 
have adopted me as one of their own and have been a constant source of support 
throughout graduate school.  Finally, I am so grateful for my husband, Ty.  Whether in 
the lab with me late at night helping process snow samples or sending me off to study 
while he moved us into a new apartment, Ty has been a saint.   
 v





LIST OF TABLES ix 
 








PART 1: FINE PARTICULATE MATTER IN URBAN CHINA 6 
 
CHAPTER 2: INTRODUCTION 7 
2.1 Foreword 7 
2.2 Human Health and Economic Impact of Particulate Matter in China 7 
2.3 Particulate Matter in the Pearl River Delta Region of China 12 
2.4 Research Objectives 15 
 
CHAPTER 3: METHODS 16 
3.1 Field Sampling 16 
3.2 Chemical Analyses 20 
 
CHAPTER 4: RESULTS AND DISCUSSION 22 
4.1 Concentrations of Major Fine Particulate Species 22 
4.2 Enrichment Factors and Concentrations of Fine Particulate Elements 24 
4.3 Meteorology Case Studies 30 
4.3.1 Southerly Flow 35 
4.3.2 Northerly Flow 39 
4.3.3 Mixed Flow 42 
4.4 Correlative Analysis 45 
4.5 Factor Analysis 53 
 
CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 55 
5.1 Conclusions 55 
5.2 Policy Implications 58 








PART 2: PARTICULATE MATTER ON THE GREENLAND ICE SHEET 64 
 
CHAPTER 6: INTRODUCTION 65 
6.1 Foreword 65 
6.2 Background on the Greenland Ice Sheet 65 
6.2.1 Climate Change and Ice Loss 66 
6.2.2 Archival of Atmospheric History 67 
6.2.3 Modern Origin of Pollutants Reaching the Greenland Ice Sheet 69 
6.3 Carbonaceous Particulate Matter and the Greenland Ice Sheet 70 
6.3.1 Atmospheric Carbonaceous Particulate Matter 70 
6.3.2 Archival and Post-Depositional Processing in Snow 71 
6.4 Research Objectives 75 
 
CHAPTER 7: METHODS 77 
7.1 Field Sites and Sampling Overview 77 
7.1.1 Summit, Greenland 77 
7.1.2. Niwot Ridge, Colorado 80 
7.2 Field Sampling and Instrumentation 82 
7.2.1 Surface Snow Sampling 82 
7.2.2 Snow Pit Sampling 83 
7.2.3 Atmospheric Sampling 84 
7.3 Laboratory Analyses 88 
7.3.1 Snow Samples 88 
7.3.2 Integrated Filter Samples 91 
 
CHAPTER 8: RESULTS AND DISCUSSION 92 
8.1 Foreword 92 
8.2 Organic Carbon Record in Snow on the Greenland Ice Sheet 92 
8.2.1 Concentrations and Dating of Snow Pit Samples 92 
8.2.2 Comparison With Past Measurements 94 
8.2.3 Trends Observed in Snow Pit Carbonaceous Species 96 
8.3 Time Series of Organic and Elemental Carbon on the Greenland Ice Sheet 99 
8.3.1 Atmospheric Concentrations and Transport 99 
8.3.2 Surface Snow Concentrations 106 
8.3.3 Comparison of Air and Snow 112 
8.4 Investigation of Camp Contamination at Summit, Greenland 115 
8.4.1 Camp Emissions and Atmospheric Samples 115 
8.4.2 Impact of Camp Emissions on Snow Concentrations 119 
8.5 Related Measurements at Niwot Ridge, Colorado 122 
8.5.1 Atmospheric Concentrations 122 
8.5.2 Snow Concentrations 126 
 
CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS 130 
9.1 Conclusions 130 
9.2 Recommendations for Further Research 135 
 vii
APPENDIX A: CHINA – FIELD DOCUMENTATION 138 
 
APPENDIX B: CHINA – ADDITIONAL DATA AND ANALYSES 154 
 
APPENDIX C: GREENLAND ICE SHEET AND NIWOT RIDGE – FIELD 
SAMPLING PREPARATION AND CALCULATIONS 204 
 







LIST OF TABLES 
 
 
Table 1. Sampling sites in the Pearl River Delta Region of China 
 
17
Table 2. Concentrations of major fine particulate species 
 
24
Table 3. Elemental Composition of PM2.5 (µg m-3) 
 
29




Table 5. Average concentrations of measured species during Southerly  
Flow, Northerly Flow, and Mixed Flow 
 
33
Table 6. Least-squares fit of developed sites in Hong Kong versus  
rural Tap Mun 
 
49
Table 7. Principle Components Analysis of measurements made at  
sites in Hong Kong (Tap Mun, Tung Chung, Central/Western), and Shenzhen 
 
54
Table 8. Description of field sampling at Summit, Greenland 
 
80
Table 9. Description of field sampling at Niwot Ridge, Colorado 
 
81
Table 10. Comparison of surface snow with buried summer snow layers 
 
98






















LIST OF FIGURES 
 
 
Figure 1. China’s energy consumption from 1978 to 1999 
  
8
Figure 2. A view of Shenzhen, China, located in the Pearl River Delta  
Region, in September 2002 
 
12
Figure 3. Map of southeastern China, with the Pearl River Delta Region of  
China (PRD) highlighted 
 
13
Figure 4. Location of monitoring sites used in the PRD study 
 
16
Figure 5. Schematic of PM2.5 samplers used in the PRD study 18




Figure 7. Four-month average enrichment factors of elements at seven sites  
in the Pearl River Delta Region of China 
 
Figure 8. Four-month average seawater enrichment factors of elements at seven 




Figure 9.  Measurements of wind speed, wind direction and precipitation  
at the Shenzhen meteorology site for selected days categorized as Northerly 
Flow, Southerly Flow, and Mixed Flow 
32
Figure 10. Normalized concentrations and standard error of species measured  
at seven sites in the Pearl River Delta, categorized by wind pattern 
34
Figure 11a. Sulfur measured at the Hong Kong background site, Tap Mun,  
compared with the more developed sites in Hong Kong, Central/Western and  
Tung Chung 
46
Figure 11b. Potassium measured at the Hong Kong background site, Tap Mun,  
compared with the more developed sites in Hong Kong, Central/Western and  
Tung Chung 
46
Figure 11c. Sodium measured at rural Tap Mun, compared with Central/Western 
and Tung Chung. 
47
Figure 11d. Nickel measured at rural Tap Mun, compared with Central/Western 





Figure 12. Pearson correlation coefficient calculated between pairings of  
Hong Kong sites Tap Mun, Tung Chung, and Central/Western 
48
Figure 13a. Pearson correlation coefficient calculated between pairings of  
Hong Kong sites Tap Mun, Tung Chung, and Central/Western with Shenzhen,  
located immediately north of the Hong Kong Special Administrative Region 
51
Figure 13b. Pearson correlation coefficient calculated between pairings of  
Hong Kong sites Tap Mun, Tung Chung, and Central/Western with Zhongshan,  
located west of the Hong Kong Special Administrative Region 
51
 
Figure 13c. Pearson correlation coefficient calculated between pairings of  
Hong Kong sites Tap Mun, Tung Chung, and Central/Western with Guangzhou,  
located northwest of the Hong Kong Special Administrative Region 
52
Figure 14. Location of Summit, Greenland (source: zero.eng.ucmerced.edu) 77
Figure 15. A view of Summit, Greenland taken from the Swiss Tower, located in  
the clean air sector  
78
 
Figure 16. Spatial layout of Summit Camp 
 
79
Figure 17. Location of Niwot Ridge, Colorado field campaign (“Soddie Site”) 
 
81
Figure 18. Sampling a 1-meter snow pit located 20 km south of  Summit, 
Greenland in 2006 
 
84
Figure 19. Instrumentation used during the Niwot Ridge, Colorado field campaign 
 
85
Figure 20. 3-meter snow pit profiles of elemental carbon, water-insoluble organic 
carbon, water-soluble organic carbon, deuterium ratio, calcium ion, potassium ion, 
and sulfate ion 
 
93
Figure 21.  A time series of particulate measurements in the atmosphere of 
Summit, Greenland during Summer 2006 
 
100
Figure 22.  Mean clustered 10-day back trajectories for 28 May  - 19 July 2006 
 
101










Figure 25. 10-day back-trajectories and pressure altitude (hPa) during the high 
particulate matter concentrations observed on 13-14 June 2006 
 
106
Figure 26. A time series of snow-phase water-soluble organic carbon, water-




Figure 27. 24-hour change in surface snow WSOC compared with 24-hour change 
in surface-snow WIOC 
 
112
Figure 28. Comparison of atmospheric PM0.1-1.0 concentrations versus surface 
snow WSOC   
 
114
Figure 29. Comparison of carbon balance in air samples and surface snow 
 
114
Figure 30. Wind patterns observed during 26 May 2006 – 18 July 2006. 116
Figure 31. Sector control power on/off and the unfiltered measurement of the 
absorption coefficient 
117
Figure 32. Wind direction and speed during 2003-2005 at Summit, Greenland 118
Figure 33. Comparison of average snow pit concentrations in 1-meter snow pits 
located near and far from Summit Camp 
 
121
Figure 34. A time series of atmospheric particulate matter species at Niwot Ridge, 
Colorado, including carbonaceous particulate matter, PM0.1-1.0, number 
concentration, particulate absorption coefficient, particulate scattering coefficient, 
and single-scattering albedo 
 
124
Figure 35. Relationship between ambient particulate absorption and scattering at 
Niwot Ridge, Colorado 
 
125
Figure 36. Water-soluble organic carbon measured at 5 cm increments in a 1-
meter snow pit at Niwot Ridge, Colorado 
 
126
Figure 37. Water-soluble organic carbon in surface snow measured hourly starting 
at 10:00 am at Niwot Ridge, Colorado 
 
127




Figure B.1 Hourly wind vectors and 24-hour rainfall at six meteorological sites  




Figure B.2 Hourly wind vectors and 24-hour rainfall at six meteorological sites 
in the Pearl River Delta on 10/7/2002-10/8/2002 
156
Figure B.3 Hourly wind vectors and 24-hour rainfall at six meteorological sites 
in the Pearl River Delta on 10/13/2002-10/14/2002 
 
157
Figure B.4 Hourly wind vectors and 24-hour rainfall at six meteorological sites 
in the Pearl River Delta on 10/19/2002-10/20/2002 
158
 
Figure B.5 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 10/25/2002-10/26/2002 
159
Figure B.6 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 11/30/2002-12/1/2002 
160
Figure B.7 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 12/6/2002-12/7/2002 
161
Figure B.8 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 12/12/2002-12/13/2002 
162
Figure B.9 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 12/18/2002-12/19/2002 
163
Figure B.10 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 12/24/2002-12/25/2002 
164
Figure B.11 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 2/28/2003-3/1/2003 
165
Figure B.12 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 3/6/2003-3/7/2003 
166
Figure B.13 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 3/12/2003-3/13/2003 
167
Figure B.14 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 3/18/2003-3/19/2003 
168
Figure B.15 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 3/24/2003-3/25/2003 
169
Figure B.16 Hourly wind vectors and 24-hour rainfall at six meteorological sites  




Figure B.17 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 6/10/2003-6/11/2003 
171
Figure B.18 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 6/16/2003-6/17/2003 
172
Figure B.19 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 6/22/2003-6/23/2003 
173
Figure B.20 Hourly wind vectors and 24-hour rainfall at six meteorological sites  
in the Pearl River Delta on 6/28/2003-6/29/2003 
174
Figure B.21 24 hour back-trajectory of air parcels reaching sites Tap Mun and  
Conghua on 0000 local time, October 20th, 2002 
175
Figure B.22 24 hour back-trajectory of air parcels reaching sites Tap Mun and  
Conghua on 0000 local time, June 5th, 2003 
175
Figure B.23 24 hour back-trajectory of air parcels reaching sites Tap Mun and  
Conghua on 0000 local time, June 23rd, 2003 
176
 
Figure B.24 24 hour back-trajectory of air parcels reaching sites Tap Mun and  
Conghua on 0000 local time, June 29th, 2003 
176
Figure C.1 Comparison of carbon mass in ultraclean water in KaptcleanTM bottles, 
before and after cleaning. 
 
206
Figure C.2. Calculated inorganic carbon in water given PCO2 of 10-3.5 atm 
 
208




Figure C.4 OC/TC fraction during acidification tests 209
 
Figure C.5 Tests for background addition by phosphoric acid 
 
210




Figure C.7 Absorption coefficient (Mm-1) measured at Summit Camp 
 
215
Figure C.8 Wind direction during the July 2005 field campaign 
 
215





Figure D.1 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 28-31 May 2006 
 
225
Figure D.2 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 1-4 June 2006 
 
226
Figure D.3 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 5-8 June 2006 
 
227
Figure D.4 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 9-12 June 2006 
228
Figure D.5 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 13-16 June 2006 
 
229
Figure D.6 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 17-20 June 2006 
 
230
Figure D.7 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 21-24 June 2006 
 
231
Figure D.8 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 25-28 June 2006 
 
232
Figure D.9 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 29 June - 2 July 2006 
 
233
Figure D.10 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 3-6 July 2006 
 
234
Figure D.11 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 7-10 July 2006 
 
235
Figure D.12 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 11-14 July 2006 
 
236
Figure D.13 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 15-18 July 2006 
 
237
Figure D.14 Calculated 10-day isobaric trajectories arriving at Summit, Greenland 
on 19 July 2006 
 
238
Figure D.15 Profiles of ions measured in a 3-meter snow pit at Summit, Greenland 
 
239
Figure D.16 1-meter profile of elemental carbon (EC) at Summit, Greenland and 
up to 20 km North or South of Summit, Summer 2006 
240
 xv
Figure D.17 1-meter profile of water-insoluble organic carbon (OC) at Summit, 
Greenland and up to 20 km North or South of Summit, Summer 2006 
 
Figure D.18 3-meter snow pit carbonaceous species and oxygen-isotope ratio, 




Figure D.19 3-meter snow pit ions and comparison of GT/UNH sampling with 
samples from a parallel 2-meter snow pit taken by the Laboratoire de Glaciologie 
et  Géophysique de l'Environnement (LGGE), Greenland Ice Sheet, July 2005 
 
242
Figure D.20 Water-insoluble organic carbon measured in the surface snow during 
the July 2005 field campaign in Summit, Greenland. 
243
 
Figure D.21 Elemental carbon measured in the surface snow during the July 2005 






































AOD: aerosol optical depth 
As: Arsenic 










CV: Coefficient of variation 
δ2H or δD: Deuterium ratio 
D50: Particle diameter cut-point with 50% penetration  
Dp: Particle diameter 
Eap: Mass absorption cross-section 
EC: Elemental carbon
EF: Crustal enrichment factor 
Fe: Iron 
GD: Guangdong Province 
GZ: Guangzhou 
HK: Hong Kong Special Administrative Zone 
HYSPLIT: Hybrid Single-Particle Lagrangian Integrated Trajectory  
I or Io: Light transmittance 
K: Potassium 






NOx: Nitrogen dioxide (NO2) plus nitrogen oxide (NO) 
OC: Organic carbon 
OM: Organic mass 
PAHs: Polycyclic aromatic hydrocarbons 
Pb: Lead 
PCA: Principle Components Analysis 
PMF: Positive Matrix Factorization 
PM0.1-1.0: Particulate matter with a diameter between 0.1 and 1.0 µm 
PM2.5: Particulate matter with a diameter of 2.5 µm or less 
PM10: Particulate matter with a diameter of 10 µm or less 
 xvii
PRD: Pearl River Delta 
PSAP: Particle Soot Absorption Photometer 
Rb: Rubidium 
RSP: Respirable suspended particulate matter (synonymous with PM10) 
σap: Particulate absorption coefficient 
σext: Particulate extinction coefficient 
σsp: Particulate scattering coefficient 








TC: Tung Chung 
Tl: Thallium 
TM: Tap Mun 
TSP: Total suspended particulate matter 
V: Vanadium 
ω: Particulate single-scattering albedo 
WSOC: Water-soluble organic carbon 
WIOC: Water-insoluble organic carbon 
WTP: willingness-to-pay 
XRF: X-Ray Fluorescence 

























Atmospheric particulate matter pollution is a challenging environmental concern in both 
urban and remote locations worldwide.  It is intrinsically difficult to control, given 
numerous anthropogenic and biogenic sources (e.g. fossil fuel combustion, biomass 
burning, dust, and seaspray) and undergoing atmospheric transport up to thousands of 
kilometers after production.  In urban regions, PM2.5 (particles with diameters under 2.5 
µm) is of special concern for its ability to penetrate the human lung system and threaten 
cardiopulmonary health.  A second major impact area is climate, with particulate matter 
altering Earth’s radiative balance through scattering and absorbing solar radiation, 
modifying cloud properties, and reducing surface reflectivity after deposition in snow-
covered regions.  While atmospheric particulate matter is well-understood in many 
developed regions of the world, in developing nations and in remote areas it is relatively 
unexplored.  This thesis characterizes atmospheric particulate matter in regions that 
represent the extreme ends of the spectrum in terms of air pollution – the rapidly-
industrializing and heavily populated Pearl River Delta Region of China, the remote and 
pristine Greenland ice Sheet, and a remote area in the Colorado Rocky Mountains.   
 
In China, fine particles were studied through a year-long field campaign at seven sites 
surrounding the Pearl River Delta.  Fine particulate matter was analyzed for composition, 
regional variation, and transport.  Average fine particulate matter (20 total samples) at the 
seven locations ranged from 29 µg m-3 at an undeveloped island in Hong Kong to 71 µg 
m-3 in urban Guangzhou.  Main constituents of PM2.5 were organic compounds (24–35% 
by mass) and sulfate (21–32%).  Overall, the analyses presented in this thesis suggest that 
 xix
regional air quality can be greatly improved by reducing emissions within the Pearl River 
Delta, with long-distance transport only appearing to significantly impact regional sulfate 
concentrations. The Guangzhou vicinity, located north of Hong Kong, was found to have 
a substantial impact on regional PM2.5 concentrations, with levels observed to increase by 
18-34 µg m-3  at sites immediately downwind of Guangzhou.  Local anthropogenic 
sources appear to be important as well, such as the site-to-site variability in species linked 
with vehicular traffic (EC) and fuel oil combustion (Ni, V). 
 
On the Greenland Ice Sheet and in the Colorado Rocky Mountains, the carbonaceous 
fraction (organic and elemental carbon) of particulate matter was studied in the 
atmosphere and snow pack.  Analyses include quantifying particulate chemical and 
optical properties, assessing atmospheric transport, and evaluating post-depositional 
processing of carbonaceous species in snow.  In the atmosphere above the Greenland Ice 
Sheet, elemental carbon and the particulate absorption coefficient were detectable and 
highly correlated throughout the summer of 2006, illustrating the ever-present input of 
combustion emissions to the atmosphere above the Greenland Ice Sheet.  Atmospheric 
organic carbon was found to be much more water-soluble (81% on average) than at less-
remote locations in the Northern Hemisphere, which may be due to either the oxidation 
of primary organic carbon during transport and/or gas-to-particle formation of secondary 
organic carbon.  In addition, measurement of snow-phase organic and elemental carbon 
determined that the organic fraction undergoes significant post-depositional degradation, 
likely due to photochemical processes.  Thus, it appears that we must progress with 





Airborne liquid and solid particles, termed “aerosols” or “particulate matter”, are 
ubiquitous in the lower atmosphere.  Associated with urban haze, elevated levels of 
particulate matter in industrialized regions are a consequence of an increase in 
combustion of biomass and fossil fuels (e.g. coal, diesel, and gasoline).  By-products of 
in-complete combustion include primary particulate species as well as particle precursors, 
gas-phase compounds that may eventually condense onto particle surfaces.  In addition to 
particulate matter produced by human activity, natural sources such as wind-blown dust, 
spontaneous forest fires, and sea spray also contribute to atmospheric concentrations.  
While many atmospheric contaminants (e.g. ozone, carbon monoxide) consist of only one 
chemical compound, particulate matter incorporates a wide variety of constituents, 
including metals, ions, and carbonaceous species.   
 
For populations living in developed regions with high particulate matter concentrations, 
fine particles (particles with a diameter less than 2.5 µm) are a public health concern, 
contributing to a higher rate of cardiopulmonary morbidity and mortality (Dockery, et al., 
1993; Englert, 2004; Pope III, et al., 2002; Schwartz, et al., 1996).  A second major 
concern is the ability of airborne particles to impact climate through absorption or 
scattering of solar radiation (Charlson, et al., 1992; Haywood and Shine, 1995; Schwartz, 
1996), alteration of cloud properties (Boucher and Lohmann, 1995; Charlson et al., 1992; 
Haywood and Boucher, 2000; Jones, et al., 1994), and decreasing surface albedo after 
deposition to snow and ice (Hansen and Nazarenko, 2004; Jacobson, 2004; Roberts and 
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Jones, 2004).  With an atmospheric residence time ranging from days to weeks, 
particulate matter is not only a local concern but a global one, the generation of pollutants 
in one region impacting the air quality of another.  The combination of spatially varying 
sources, meteorology, and atmospheric chemistry poses special challenges on our ability 
to understand and control particulate matter pollution. 
 
In some regions of the world, namely the developed nations, local and regional 
atmospheric particulate matter is monitored, regulated, and researched with state-of-the-
art modeling and measurement techniques.  In the United States, for example, fine 
particulate emissions inventories are in existence, routine government-led ambient 
monitoring is in place, and thus research is focused mainly on understanding the more 
elusive details of aerosol science.  However, in a number of areas in the world, such as 
developing nations or remote locations, particulate matter characteristics are poorly 
known and basic field measurements can provide highly valuable information.  This 
thesis work concerns atmospheric particulate matter at two locations that have not been 
previously well-studied and are of special interest to the scientific community – the Pearl 
River Delta Region of China and the Greenland Ice Sheet.  An additional location, the 
Niwot Ridge section of the Colorado Rocky Mountains, was studied as a comparison to 
the Greenland Ice Sheet.  
 
China has captured global attention for its astonishing rate of industrialization over the 
past ~30 years.  The Pearl River Delta Region, containing the well-known cities of 
Guangzhou and Hong Kong, is a populous (~46 million citizens) southern section of 
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China that has been called “the fastest-growing part of the fastest-growing province in the 
fastest-growing large economy in the world” (Enright and Scott, 2002).  Along with 
blazingly-fast economic growth (16.9 % per year from 1980 to 2000), however, came a 
palpable degradation in regional air quality.  The increase in particulate matter pollution 
in the Pearl River Delta threatens the health of local citizens and positions the region as 
an important global source of primary and secondary particulate species.  To better 
understand particulate matter pollution in the Pearl River Delta, a year-long air 
monitoring campaign took place at seven sites throughout the Pearl River Delta.  The 
results from this study are provided and discussed in the first half of this thesis, including 
fine particulate composition, estimated source types, and an assessment of local versus 
regional influence on air quality. 
 
In contrast to rapidly developing China, the Greenland Ice Sheet has virtually no 
particulate matter emissions and instead is a recipient of pollution transported long 
distances in the atmosphere.  The ice cap’s 3000-meter depth (at its highest elevation) 
contains a record of the past chemical composition of the atmosphere as well as the 
climate of the Earth.  In terms of this frozen record of history, the carbonaceous fraction 
(organic and elemental carbon) of particulate matter may potentially serve as historical 
markers of combustion emissions (biomass burning and fossil fuel combustion) in ice 
cores.  However, currently little is known regarding the ambient levels and deposition of 
carbonaceous particulate matter to the Greenland Ice Sheet, as well as the chemical 
stability of carbonaceous species after deposition to the ice cap.  In addition, particulate 
elemental carbon is also of interest as a warming influence in the local atmosphere and 
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for potentially impacting the reflectivity of the ice sheet.  In order to understand the 
nature of carbonaceous particulate matter in the air and snow on the Greenland Ice Sheet, 
two summer series of field measurements were conducted at Summit, Greenland, the 
highest point of the ice cap.  Additionally, closely-related measurements were conducted 
at a remote site in the Colorado Rocky Mountains and are discussed in comparison to the 
Greenland Ice Sheet. 
 
 
Structure and Scope of This Work 
 
This thesis covers field measurement and analysis of atmospheric particulate matter in 
urban and remote environments, characterizing physical and chemical properties of 
particulate matter and transport in the atmosphere.  As described below, this document is 
split into two parts, with the first part of the thesis describing a large-scale air monitoring 
study in China and the second half of the thesis focused on particulate matter in the air 
and snow on the Greenland Ice Sheet.  
 
Part I and Appendices A-B cover field measurements and ensuing analysis of fine 
particulate matter (PM2.5) measured in urban China.  Chapter 2, “Introduction”, 
provides a thorough literature review of air pollution associated with China’s rapid 
development and the limited previous information on particulate matter pollution in the 
Pearl River Delta Region of China.  Chapter 3, “Methodology”, covers the year-long set 
of field measurements that took place and describes the laboratory techniques employed 
to speciate PM2.5.  Chapter 4, “Results and Discussion”, discusses PM2.5 composition 
and assesses the local vs. regional nature of particulate matter pollution in the Pearl River 
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Delta Region.  Chapter 5, “Conclusions and Recommendations”, discusses the major 
findings of the field study and suggests areas of future work.   
 
Part II and Appendices C-D discuss measurements of carbonaceous particulate matter at 
the highest point of the Greenland Ice Sheet (Summit, Greenland) and supporting field 
work performed at the remote and high-elevation Niwot Ridge, Colorado.  Chapter 6, 
“Introduction”, provides an in-depth coverage of the properties of the Greenland Ice 
Sheet, present-day impacts of carbonaceous particulate matter on the ice cap, and issues 
surrounding the potentially useful ice core record of particulate matter concentrations.  
Chapter 7, “Methodology”, describes the field measurements and laboratory analyses 
performed during two summertime field campaigns to Summit, Greenland and a 
wintertime field campaign in Niwot Ridge, Colorado.  Chapter 8, “Results”, discusses 
the concentrations and transport of atmospheric carbonaceous species on the Greenland 
Ice Sheet and studies the fate of carbonaceous species after deposition to the snow pack.  
Additionally, supporting measurements of carbonaceous particulate matter in the air and 
snow at Niwot Ridge, Colorado are discussed.  Chapter 9, “Conclusions and 
Recommendations”, covers the major discoveries from the field studies and provides 




















































CHAPTER 2: INTRODUCTION 
 
2.1 Foreword 
Part I of this thesis focuses on regional fine particulate matter measurements in the Pearl 
River Delta region of China and includes an extended version of the following 
publications:  
(1) Hagler, G.S.W., Bergin, M.H., Salmon, L.G., Yu, J.Z., Wan, E.C.H., Zheng, M., 
 Zeng, L.M., Kiang, C.S., Zhang, Y.H., Lau, A.K.H., and Schauer, J.J., 2006. 
 Source areas and chemical composition of fine particulate matter in the Pearl 
 River Delta region of China. Atmospheric Environment, 40(20): 3802-3815. 
(2) Hagler, G.S.W., Bergin, M.H., Salmon, L.G., Yu, J.Z., Wan, E.C.H., Zheng, M., 
 Zeng, L.M., Kiang, C.S., Zhang, Y.H., and Schauer, J.J., 2007. Local and regional 
 anthropogenic influence on PM2.5 elements in Hong Kong, Atmospheric 
 Environment, doi:10.1016/j.atmosenv.2007.03.012 
 
2.2 Human Health and Economic Impact of Particulate Matter in China 
China’s economic development since the end of Mao Zedong’s reign has been awe-
inducing, with its GDP quadrupling from 1978 to 2000.  This rampant growth in 
economic performance supported significant quality of life improvements for China’s 1.3 
billion citizens, such as the average life expectancy increasing from 64 to over 70 in a 
matter of decades (Qian, 2003).  However, an unfortunate marker of the nation’s 
economic growth has been a surge in air pollutant emissions from increased coal burning, 
vehicular traffic, land disturbance, and combustion of biomass.  Shown in Figure 1, it can 
 7
be seen how China’s need for energy more than doubled from 1978 to 1999, with coal as 
the main fuel type consumed (National Bureau of Statistics, 2000).  
 
 
Figure 1. China’s energy consumption from 1978 to 1999, with labeled years
2000. 
 
marking the data points.  Data source: China’s National Bureau of Statistics, 
 
 
Even given the enormous increase in fuel use accounted for by the Chinese government 
and displayed in Figure 1, a recent study comparing energy statistics with satellite-
derived column-NO  asserted that recently (1996-2002) published coal combustion 
values may be underestimating the actual fuel consumption (Akimoto et al., 2006).  Thus, 
it can be concluded that the data in recent years shown in Figure 1 may be assumed to be 
a lower estimate of fuel consumption.  China’s increased combustion of fossil fuels, 
without question, has been substantial over the past few decades.   
 
As emitting sources grew in magnitude throughout China, emissions of primary and 
secondary particulate species have similarly increased.  Sulfur dioxide, a precursor of 
x
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particulate sulfate and mainly produced by coal combustion, experienced a nation-wide 
increase from 23.0 Tg in 1990 to 25.2 Tg in 1995, with best-case scenario emissions 
projected to rise to 30.6 Tg by 2020.  Lacking any improvement in emission controls, 
SO2 may more than double 1995 levels to 60.7 Tg in 2020 (Streets and Waldhoff, 2000).  








y.   
C
and black carbon, with emissions estimated at 4.1 Tg and 1.5 Tg, respectively (Cao et a
2006).  Comparing with global emissions estimates in 1984 and assuming the same lev
roughly hold for 2000, China would constitute a quarter of global black carbon emissions 
(Cooke et al., 1999).  Not only do China’s emissions have potential health and econom
impacts on Chinese citizens, they also position China as a significant global source of 
particulate matter.     
 
Given the rapid degradation in air quality that has accompanied China’s growth, much 
attention has been focused on understanding and quantifying the resulting impacts on 
Chinese citizens.  Several studies in the city of Hong Kong, part of our project focus area
found significant linkages between PM10 levels and increased respiratory and cardiac 
hospital admissions (Wong et al., 2002), as well as significant associations between P
and respiratory mortality (Wong et al., 2001; Wong et al., 2002).   An extensive review o
epidemiological studies in China determined that per 1 µg m-3 increase in PM10 are an 
associated 0.03% increase in all-cause mortality and 0.04% increase in cardiovascular 
deaths (Aunan and Pan, 2004).  Also, they report 0.31% and 0.44% increase per PM10
m-3 in chronic respiratory symptoms and diseases for adults and children, respectivel
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The resulting economic impact of particulate pollution has been evaluated in seve






 felt by 
-pay (WTP) for air 
uality improvements found a complex response by Chinese citizens.  Focused on 
ns, 
10 was estimated at 
1.03% of the city’s GDP (Kan and Chen, 2004).  In Zaozhuang, a growing Chinese city 
of 3.5 million and an area of coal mining, regional health costs due to particulate matter 
(PM10 or PM2.5) were estimated at up to 10% of the city’s GDP (Wang and Mauzerall, 
2006).  One recent study combined the limited measurements of particulate matter
different areas of China (mainly measured as total suspended particulates (TSP)) to 
estimate a national economic cost due to particulate pollution.  Using a general 
equilibrium approach, evaluating as a function of both labor loss and changes in 
consumption patterns (i.e. increased medical expenditures), air pollution was estimated to 
cause an economic burden of 0.38% of China’s GDP.  Evaluating the cost using a hu
capital approach, meaning studying economic cost as the loss of a person’s wages due to
work days missed from illness or premature death, the economic burden was higher at 
1.26% of China’s GDP (Wan et al., 2005).  This study implies that the individual 
economic loss of Chinese citizens due to air pollution is greater than the negative im
to China’s economic engine.  However, despite the apparent greater economic loss
the Chinese population, an interesting recent study on willingness-to
q
citizens in Chongqing, a highly industrialized city of 15 million and one of the most 
polluted in China, the study found that while the overall WTP value ($34,458 per saved 
statistical life) fit the expected range relative to comparable studies in developed regio
their income elasticity response was quite different.  A measure of increased WTP as a 
function of increased income, the high income elasticity (1.42) found in Chongqing 
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implies that Chinese citizens may currently consider clean air to be a luxury item 
reserved for those with greater wealth (Wang and Mullahy, 2006).  
 
On top of the public health and associated economic cost from high levels of particulate 
matter, several studies in China have observed additional impacts of particulate levels on 
isibility and agriculture.  In the Pearl River Delta region located in southern China, 
n a 
pect 
arl River Delta Region, one study measured the 
igh deposited levels of chromium (Cr), copper (Cu), lead (Pb), and zinc (Zn) (Wong et 
al., 2003) and another found agricultural soils in the Pearl River Delta to be enriched with 
Cu and Pb.  The isotopic signature of Pb in the crop soils pointed to industrial and 
vehicular sources (Wong et al., 2002).  Another interesting study assessed the Nanjing, 
China agricultural area and determined that regional haze may cause sub ecrease 
(~5-30%  
v
several studies found significant visibility impacts due to particulate pollution in Hong 
Kong (Lee and Sequeira, 2002; Man and Shih, 2001), with one study commenting o
measured visibility of only 200 m in the neighboring city of Guangzhou during a recent 
pollution episode (Wu et al., 2005).  As shown in Figure 2, the poor visibility and 
aesthetic impact can be substantial during major episodes.  As China sets the stage as the 
host of major world events, particularly the summer 2008 Olympics, they should ex
to face major challenges in providing clean air for their visitors (Streets et al., 2007).   
 
Related to the loss of visibility are the potential negative impacts on agriculture due to 
deposition of air pollutants to crop soil and a reduction in photosynthetically active 
radiation (PAR) reaching crops.  In the Pe
h
stantial d
) in direct solar radiation reaching crops (Chameides et al., 1999).  It is clear that
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there are numerous human health and economic costs linked to the atmospheric emissions 
created by China’s burgeoning industry. 
 
 
Figure 2 A view of Shenzhen, China, located in the Pearl River Delta R
September 2002. The top image was taken during a regional haze episod
the bottom picture is a few days later after rainfall. 
 
 
2.3 Particulate Matter in the Pearl River Delta Region of China 
The Pearl River Delta Region (PRD) of China  including the major cities of Hong Kong




) and Shenzhen (1.8 million), is an 
rea of particular interest for its incredible industrial growth, even relative to the rest of 
quickly-growing China.  Home to a population of 46 million, the PRD encompasses the 
floodplains region of the Pearl River (Zhujiang) in the southern province of Guangdong 
as well as the southward mountainous New Territories and island regions of Hong Kong.  
The physical location of the PRD is shown in Figure 3.  With Hong Kong established as a 
service sector (Cullinane and Cullinane, 2003) and Guangdong province focused on 
manufacturing and energy production (Warren-Rhodes and Koenig, 2001), the 
a
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intertwined economies have proven to be mutually beneficial to all members of the delta, 
where the regional GDP grew at a rate of ~17% per year from 1980 to 2000 (Cullinane 
and Cullinane, 2003).  Such phenomenal growth, however, has also yielded high 
concentrations of fine particulate matter (PM2.5) in many areas of the PRD, an issue of 
major concern to local governments and citizens.   
 
 
(PRD) highlighted. Source: www.hktrader.net 
 
Recent measurements of fine particulate matter in Hong Kong and neighboring 
Guangdong (Cao et al., 2003; Cao et al., 2004; Cohen et al., 2004; Louie et a
Pathak et al., 2003; Qian et al., 2001; Wei et al., 1999) have confirmed the existence of 
unhealthy concentrations well-exceeding the
Figure 3 Map of southeastern China, with the Pearl River Delta Region of China 
 
l., 2005; 
 current World Health Organization Air 




average) (World Health Organization, 2006).  A recent field campaign conducted by Ca
et al. (2003, 2004) sampled for PM2.5 and carbonaceous species (EC and OC) durin
winter and summer of 2002 in four cities of the PRD, finding highest PM2.5 
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concentrations in Guangzhou (106 µg m-3), followed by Shenzhen (61 µg m-3), Zhuhai 
(59 µg m-3), and Hong Kong (55 µg m-3).   
 
Improving particulate matter pollution in the quickly developing Pearl River Delta
challenging task, complicated by a mountainous island landscape that can impede 
pollutant dispersal (Liu et al., 2001) and numerous anthropogenic sources in the densely 
populated and industrialized region.  In order to effectively manage regional air quality,
is essential to know the degree to which pollution is generated locally versus transported 
in from outside of the region.  Previous studies, limited to measurement in the Hong 
Kong area, provided fine particulate source information through analysis of chemical 
composition and in combining chemical speciation with local meteorology.  Two 
different studies found spatial differences in organic and elemental carbon levels among 
different sites in Hong Kong, pointing to the importance of local sources (Ho et al., 2002; 
Louie et al., 2005).  Another field study at site located southwest of Hong Kong Islan
compared particulate concentrations during wind flow from the ocean versus from inland,
and estimated the Pearl River Delta as a whole to cont




ribute a major portion (48-57%) of 
t al., 2005).  Finally, one study measured PM2.5 at three sites in 
ong Kong and, using back-trajectory modeling, estimated that long-range transport 
increased concentrations of particulate sulfate and ammonium by 49-383% and 33-302% 
(Pathak et al., 2003).  These previous studies have shown that a combination of local and 
regional sources influence air quality in Hong Kong, although it is unclear from the 
results to what degree pollution is created locally, advected in from other nearby areas in 
the Pearl River Delta, or from an even further origin. 





In orde n in-depth study linking regional 
PM nd 
me
study that took place over the time span of October 2002 to June 2003, with simultaneous 
me n sites in the PRD.  The 
major objectives of this study include the following: 
1. Determine PM2.5 levels and concentrations throughout the Pearl River Delta, 
including background and urban locations. 
2. Study the impact of meteorology on pollutant patterns throughout the area. 
3. Characterize the importance of local versus regional sources on air quality in the 
Pearl River Delta. 
4. Assess the types of sources impacting local air quality. 
 Research Objectives 
r to guide regional air quality management, a
2.5 chemical characteristics with influencing factors (sources, source locations, a
teorology) is needed.  This thesis presents an overview of a large-scale monitoring 
asurements of PM2.5 mass and chemical composition at seve
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CHAPTER 3: METHODS 
 
3.1 Field Sampling 
Characterization of fine particulate matter in the Pearl River Delta Region of China was 
performed via field measurements at seven locations throughout Hong Kong Special 
Administrative Region and Guangdong province.  The sites were selected to be 
representative of the air shed, including sites monitoring regional background air, urban 
sources, and locations in close proximity to urban areas.  In addition to the seven selected 
monitoring locations for fine particulate matter, local meteorological data was provided at 
six locations in Hong Kong and Guangdong.  Figure 4 shows the locations of the seven 
monitoring and six meteorological sites.  Coordinates and descriptions of the PM2.5 
monitoring sites are given in Table 1.   
 
 




Table 1. Sampling sites in the Pearl River Delta Region of China 
Sit e S  Site e Cod Location Coordinates ite description
Tap Mun TM Hong Kong    Lon: E 114 21.642 Background 
   Lat: N 22 28.277 




Western CW Hong Kong 
   Lat: N 22 17.122  
   Lon: E 114 08.713 Urban source 
Shenzhen SZ Guangdong    Lat: N 22 32.183 Urban source 
   Lat: N 22 30.660 
   Lon: E 113 24.429 
Downwind of 
urban source 
Guangzhou GZ Guangdong    Lon: E 113 15.585 Urban source 
Conghua CH Guangdong    La  N 23 38.530    Lon: E 113 38.345 Background 
   Lon: E 113 56.340 
Zhongshan ZS Guangdong 
   Lat: N 23 07.969 
t:
 
At the PM2.5 monitoring sites, 24-hour filter collections were performed every 6th d
the months October 2002, December 2002, March 2003, and June 2003, yielding a total 
of 20 sampling days at each monitoring site.  The sampling sites of Tap Mun (TM), Tu









2.5 chemical speciation samplers, while Conghua (CH) and
Zhongshan (ZS) used California Institute of Technology Gray Box samplers that served
as the original prototype design for the RAAS PM2.5 instrument.  A schematic of th
sampler set-up is shown in Figure 5.  Both samplers use cyclone separators to remove 
particles of diameter greater than 2.5 µm (John and Reischl, 1980), with particles 
collected downstream on filters in four channels (two 47 mm quartz fiber filters, two 47
mm Teflon filters).  Each sampler had two flow lines of 24 L min-1, which included a 
PM2.5 cyclone followed by a manifold splitting each flow line into a quartz filter 
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(16.7 L min-1 for RAAS PM , 14.0 L min-1 for Caltech Gray Box) and a Teflon filter 
m
Intercom Andersen 
RAAS sa in 
5% of ler and thus suitable for joint use in the 
















Figure 5. Schematic of PM2.5 sam Pearl River Delta study. 
2.5
channel (7.3 L min-1 for RAAS PM2.5, 10.0 L min-1 for Caltech Gray Box).  Flow rates 
were controlled by critical orifices located upstream of a vacuum pump and were 
easured periodically with a calibrated dry gas meter (NIST Traceable-ID #C-0701).  
parison sampling performed between co-located Gray Box and Thermo
mplers demonstrated measurements of PM2.5 mass concentration to be with
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OM sulfate EC ammonium nitrate chloride other
Figure 6. Intercomparison of overall PM2.5 concentration (a, c) and speciation of major 
particulate components (b, d). 
 
Operators at each of the seven sampling sites were carefully trained in filter handling an
storage.  A copy of the operations manual for the field sampling is included in Appendix 
A, in English and Chinese.  After each sampling period, filter samples were sealed in 
Petri dishes and stored under freezing temperatures to minimize the loss of volatile 
species.  Samples were later transported in ice-packed coolers to their eventual 
destinations in Hong Kong and California for mass measurement and chemical analyses. 
To track any contamination due to handling, four field blanks 
d 
 
(one per sampling month) 
ere taken at each site.  The blank filters were stored and transported alongside the 24-w
 19
hour samples.  To ensure the uniformity of sampler operation and filter handling, a field 
f 
  A 
After sample collection, the Teflon filters were analyzed for PM2.5 mass concentration, 
major ions (sulfate, nitrate, chloride, ammonium), and trace elements.  Analysis of the 
quartz fiber filters included organic carbon (OC), elemental carbon (EC), and speciation 
of organics.  PM2.5 mass measurements were conducted via a microbalance (Mettler 
Instruments) following the guidelines laid out in the EPA Quality Assurance Document 
2.12 (EPA, 1998), with repeat measurements performed on all samples to ensure accurate 
results.  Concentrations of sulfate, nitrate, and chloride were determined using ion 
chromatography, comparing sampled concentrations with laboratory standards prepared 
from ACS grade analytical reagents.  For the measurement of ammonium, indophenol 
colorimetric analysis was performed using a rapid flow analyzer (RFA-300 TM, Alpkem 
Corp.) (Bolleter et al., 1961).  Specific elements were detected using X-ray fluorescence 
analysis (XRF), including sulfur (S), potassium (K), silica (Si), zinc (Zn), iron (Fe), 
sodium (Na), calcium (Ca), lead (Pb), aluminum (Al), manganese (Mn), copper (Cu), 
vanadium (V), arsenic (As), tin (Sn), bromide (Br), rubidium (Rb), nickel (Ni), selenium 
(Se), thallium (Tl), chromium (Cr), cobalt (Co), and strontium (Sr) (Watson et al., 1996).  
audit took place during October 2002, with audit team members including Peter Louie o
the Hong Kong Environmental Protection Department, Sjaak Slanina of the Energy 
Research Foundation of the Netherlands, Zhang Yuanghang and Zeng Limin from 
Beijing University, and Gayle Hagler (author) from Georgia Institute of Technology.
sample of the audit checkpoints is provided in Appendix A.   
 
3.2 Chemical Analyses 
 20
Quartz fiber filters were measured for EC and OC using a carbon analyzer (Sunset 
aboratory) following the NIOSH protocol of thermal evolution and combustion (Birch 
nd Cary, 1996).  A conversion factor of 1.4 is applied to the measured organic carbon 
alues to estimate overall organic mass (OM).  While the OM to OC ratio is not 
ecessarily a constant value in ambient particulate matter, the value of 1.4 has been 
ggested as an appropriate adjustment factor to reconcile OC values to the original mass 
























CHAPTER 4: RESULTS AND DISCUSSION 
 
4.1 Concentrations of Major Fine Particulate Species 
The average PM concentration throughout the collection period (5 24-hour samples 
ber 2002, March 2003, and June 2003) ranged from 37 µg 




organic compounds (24-35%) and sulfate (21-32%).  Other important measured 
constituents include crustal material (7-13%), ammonium (6-8%), elemental carbon (3-
8%), and nitrate (1-6%).   
 
Particulate organic mass (OM), formed by both direct emissions and through gas-to-
particle conversion, ranged annually from 6.9 to 9.3 µg m-3 at sites in Hong Kong, and 





taken in October 2002, Decem
m
province, with a lower range of 29 µg m  at rural Tap Mun to 34 µg m  at urban 
Central/Western in the Hong Kong region.  Averages of chemical composition, presente
in Table 2, show that fine particulate mass within the Pearl River Delta is dominated by
carbon (EC) concentrations were low at background sites Conghua (1.4 µg m ) and Tap 
Mun (0.8 µg m ), compared with a range of 1.9-4.4 µg m  for the five sites in more 
developed locations.  Annual average OM/EC ratios had maximum values at background 
sites Conghua (9.0) and Tap Mun (8.4), with lower values of 4.0-5.9 for the remainin
areas of the region.  Previous studies have also measured the carbonaceous component of 
PM  in Hong Kong and Guangdong, although different OC and EC detection methods 2.5
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were used and thus the data cannot be directly compared.   Measurements in Hong Kon
by Louie et al. (2005) throughout both Hong Kong
g 
 and Guangdong by Cao et al. (2003, 




 Kong in the range of 8.7-9.4 µg  
-3 during 2000-2001.  In comparing sulfate and ammonium ion concentrations, it is 
rom 
0.60-0.85 among the seven sites in the Pearl River Delta.  This indicates that the aerosol 
phase is acidic, with ammonium principally associated with sulfate.  A recent emissions 
inventory by Streets et al. (2003) found agricultural activities to be the main source of 
2
different temperature program than the laser transmittance method (NIOSH) that is used 
in this study.  Chow et al. (2001) verified experimentally that the two methods have 
similar results for total carbon but variability exists in the division of carbon between EC 
and OC.  Ho et al. (2003) measured EC and OC in Hong Kong using thermal manganese 
dioxide oxidation (TMO method), which has been found to closely compare to results 
from the IMPROVE protocol (Fung et al., 2002). 
 
Average particulate sulfate concentrations, generated primarily through the oxidation 
emitted gaseous SO2, had lower values and a smaller range in Hong Kong (9.0-9.3 µg   
m-3) compared with that in Guangdong (10.0-14.7 µg m-3).  The close range in measured 
sulfate at sites representing both urban and background locations in Hong Kong supports
the notion that sulfate has regional and perhaps longer range sources.  Our measuremen
at sites in Hong Kong are similar to those by Louie et al.(2005), who measured average 
PM2.5 sulfate concentrations at three locations in Hong
m
observed that the four-month average ammonium/sulfate molar charge ratio ranges f
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ammonia in China, which is the likely explanation for the higher levels of ammonium at 
the sites in Guangdong compared with Hong Kong.   
 




4.2 Enrichment Factors and Concentrations of Fine Particulate Elements 
With the main aim of this analysis to determine sources and locations of sources affecting 
PM2.5 in Hong Kong, crustal (EF) and seawater (SEF) enrichment factors provide the 
ability to determine which elements may be mainly of crustal or oceanic origin.  EFs and 
SEFs were calculated relative to the average elemental composition of Earth’s crust and 
ocean water (Weast, 1987).  The crustal enrichment is calculated as follows: EF = 
(Xi/Al)sample/ (Xi/Al)crust, where Xi is a given element concentration and aluminum (Al) is 
assumed to be entirely from Earth’s crust.  Similarly, SEF is calculated as: SEF = 
(Xi/Na)sample/ (Xi/Na)ocean, where sodium (Na) is likewise assumed to solely originate 
from seaspray.  Given that the Pearl River Delta is located near the ocean and has no 
local volcanic activity, elements highly enriched relative to both crustal and oceanic 
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sources are most likely generated by anthropogenic activity.  However, it is also possibl
that human activity in land development may contribute to elements of apparent crustal 
origin (low EF).  Shown in Figure 7, low enrichment factors (EF < 5.0) are found
Ca, Sr, and Fe indicating that fine particulate levels of these species are most likely 
dominated by crustal material.  In contrast, all other species are seen to be impacted by 
non-crustal sources, with very high enrichment (EF > 1000) observed for elements Zn, 
Tl, Br, Sn, As, S, Pb, and Se.  In addition to the general grouping of elements by 
enrichment factor, the relative range of enrichment factors among the monitoring sites 
gives clues to the possible presence of sources.  Among the highly enriched species,
e 
 for Si, 
 Cr, 




loss mechanism also making it difficult to det rom only its enrichment level 
d from the ocean.  It is also of note that bromide is 
seen to have low enrichment at sites in Hong Kong (SEF = 1.6-2.6), though higher 
enrichment is observed at sites in Guangdong (SEF = 5.4-14.7), indicating a combination  
N
and Ni both have significantly high enrichment factors at Zhongshan, with Shenzhen also 
highly enriched in Ni.  Guangzhou stands out for highest enrichment in many species, 
with a particularly high As-enrichment in comparison with other sites in the area.   
 
The influence of the surrounding ocean was similarly estimated by comparing the ratio o
measured elements to measured Na with their associated seawater ratio.  As displaye
Figure 8, the only species with a low seawater enrichment factor (SEF) at all sites is Cl 
(four-month average SEF = 0.1-0.9), with below-unity values expected as a chloride
depletion reaction with nitrate is known to occur (Ho et al., 2003; Lee et al., 1999), the 
ermine f

























Figure 7. Four-month average crustal enrichment factors of elements at seven sites in the































 in Figure 8. Four-month average seawater enrichment factors of elements at seven sites
the Pearl River Delta Region of China.   
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of oceanic and anthropogenic sources of bromide in the region.  It is interesting that 
Guangdong rural site, Conghua, has significantly higher bromide enrichment than 
elsewhere in the region.  Potassium (K) and sulfur (S) are two species that are often used
to indicate biomass burning and coal combustion, respectively, though they may each
also have an oceanic component (Watson et al., 2001).  In the Pearl River Delta, the h
SEF values of K (26-100) and S (63-174) demonstrate that the ocean plays a minor role
in the measured particulate levels of these species.   
 
While the enrichment coefficient may indicate natural (oceanic and crustal sources) 
versus anthropogenic sources, a spatial difference in concentrations of certain species c
point to potential locations of sources.  The average element concentrations over the 
entire measurement period (October 2002, December 2002, March 2003, and June 
are summarized in Table 3.  With the exception of three elements (As, Co, and Sr), 
average element concentrations at the remote site Tap Mun are seen to well-exceed 














considered tentative.  The average levels recorded in this study are similar to values 
measured by past researchers at comparable sites (urban and rural) within Hong Kong 
(Cohen et al., 2004; Ho et al., 2003; Louie et al., 2005) and in the city of Guangzhou 
(Wei et al., 1999).  It is immediately striking to note that, with the exception of sodium
each measured element is highest at a Guangdong site and most frequently at urban 
Guangzhou.  In fact, Guangzhou stands out as a significant industrial source area with
average levels more than 30% higher than any other site for highly enriched (EF > 1000) 
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of one another.  However, a difference in 
concentration exceeding 50% is observed among the three sites for eight species (EC, Cl, 
V, Cr, Co, Cu, Sr, and Sn), pointing to local emissions.  Vehicular emissions may be 
linked to a local spatial difference in EC (diesel exhaust) and Cu (brake wear) (Lough et 
al., 2005).  A second possible source of Cu in the Hong Kong area is local printed circuit 
board manufacturing (Qin et al., 1997), although this source may have since re-located to 
other areas in the Pearl River Delta.  While spatial variability in Hong Kong is commonly 
seen with elevated concentrations in urban areas, it is of note that both Ni and V are, on 
average, at increased levels (32% and 43% higher, respectively) at the remote Tap Mun 
island compared with the more developed sites in Hong Kong.  The presence of V and Ni 
in the Hong Kong area has been previously related to fuel oil combustion (Lee et al., 
1999) and thus the concentrations observed at Tap Mun may be linked to local shipping 
activity.   
Zn, Tl, As, Pb, and Se.  It is also interesting to note that species exhibiting crustal 
characteristics (EF < 5) are also seen to have significantly higher levels in Guangdong 
province compared with Hong Kong, indicating that human activity in Guangdong 
province may be increasing crustal material concentrations in the Pearl River Delta. 
 
Among the Hong Kong sites, a difference in concentration between remote Tap Mun and 
more developed Central/Western and Tung Chung may point to the influence of local 
human activity on Hong Kong’s air quality.  For the majority of the species, the three 
sites are observed to be within close range 
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Table 3. Elemental Composition of PM2.5 (µg m-3) 
 Tap Mun Tung Chung Central/Western Shenzhen Zhongshan Guangzhou Conghua 
Species
  
          
                     
N Avg CVa N  Avg CV N  Avg CV N Avg CV N  Avg CV N  Avg CV N Avg CV
S 20 3.2E+00 0.55 20 3.1E+00 0.60 20 3.2E+00 0.51 21 3.5E+00 0.52 19 4.3E+00 0.47 20 4.9E+00 0.42 19 3.9E+00 0.50
K                       
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
           
20 5.7E-01 0.75 20 5.6E-01 0.73 20 5.6E-01 0.75 21 8.6E-01 0.63 19 1.0E+00 0.98 20 1.7E+00 0.53 19 1.5E+00 0.55
Na 
 
17 4.5E-01 0.71 15 5.9E-01 0.54 19 4.2E-01 0.49 20 5.5E-01 0.89 17 2.9E-01 0.51 20 4.3E-01 0.67 17 4.5E-01 0.63
Si 20 3.5E-01 0.81 20 3.1E-01 0.79 20 3.5E-01 0.75 21 6.1E-01 0.57 19 6.8E-01 0.72 20 8.8E-01 0.48 19 5.3E-01 0.56
Zn 20 1.8E-01 0.81 20 1.7E-01 0.83 20 1.9E-01 0.64 21 3.1E-01 0.66 19 3.3E-01 0.84 20 6.1E-01 0.53 19 3.1E-01 0.68
Fe 20 1.4E-01 0.75 20 1.6E-01 0.68 20 1.7E-01 0.59 21 2.9E-01 0.48 19 3.0E-01 0.65 20 5.3E-01 0.75 19 2.8E-01 0.60
Cl 20 9.3E-02 0.84 20 1.1E-01 0.77 20 1.2E-01 0.67 21 2.3E-01 0.74 19 1.9E-01 0.94 20 3.2E-01 0.51 19 1.9E-01 0.54
Ca 20 8.9E-02 0.73 20 8.7E-02 0.88 20 1.1E-01 0.74 21 1.7E-01 0.61 19 1.9E-01 0.71 20 2.3E-01 0.63 19 1.5E-01 0.58
Al 19 6.3E-02 0.77 20 5.7E-02 0.82 19 5.6E-02 0.71 21 1.0E-01 0.77 19 1.4E-01 0.87 20 2.7E-01 0.43 19 1.6E-01 0.60
Pb 17 1.5E-02 1.08 16 1.2E-02 0.62 17 1.9E-02 0.59 19 1.6E-02 0.63 16 2.0E-02 0.58 19 3.0E-02 0.61 19 2.3E-02 0.82
Sn 
 
20 1.1E-02 0.86 20 7.2E-03 0.81 20 6.8E-03 1.20 21 2.1E-02 0.67 19 3.4E-02 0.63 20 3.6E-02 0.66 19 9.8E-03 1.12
V 14 1.0E-02 0.98 13 1.2E-02 0.74 11 9.8E-03 0.78 19 2.3E-02 0.62 16 2.7E-02 0.82 19 3.2E-02 0.60 17 1.6E-02 1.11
Mn 
 
20 1.0E-02 0.69 20 1.1E-02 0.65 20 1.2E-02 0.56 21 2.5E-02 0.51 19 1.9E-02 0.64 20 4.4E-02 1.15 19 1.7E-02 0.68
Br 20 6.3E-03 0.73 20 6.0E-03 0.61 20 6.8E-03 0.64 21 1.8E-02 1.02 19 2.2E-02 0.89 20 2.8E-02 0.97 18 4.3E-02 1.36
Cu 
 
19 5.7E-03 0.71 20 1.5E-02 0.30 20 1.1E-02 0.49 21 1.4E-02 0.62 19 2.0E-02 0.74 20 4.3E-02 0.55 19 4.9E-02 1.06
Ni 20 4.9E-03 0.59 20 3.6E-03 0.77 20 3.8E-03 0.61 21 8.2E-03 0.55 19 2.4E-02 0.98 20 1.2E-02 0.63 19 2.0E-02 0.48
As 17 4.8E-03 0.66 17 4.5E-03 0.71 17 4.0E-03 0.82 19 8.7E-03 0.67 18 1.0E-02 0.80 20 3.4E-02 0.43 19 1.2E-02 0.75
Rb 
 
19 4.7E-03 0.74 18 4.5E-03 0.71 20 3.7E-03 0.79 21 6.9E-03 0.73 19 9.5E-03 1.10 20 1.6E-02 0.58 19 1.4E-02 0.60
Se 18 2.2E-03 0.60 19 1.8E-03 0.71 20 1.9E-03 0.69 20 3.3E-03 0.67 18 6.9E-03 0.84 20 1.1E-02 0.92 19 3.6E-03 0.60
Sr 14 1.3E-03 0.58 16 8.2E-04 0.75 16 2.1E-03 1.43 20 1.2E-03 0.67 18 1.9E-03 0.70 16 3.1E-03 0.53 18 1.6E-03 0.93
Tl 18 1.1E-03 1.05 17 1.4E-03 0.47 15 1.2E-03 0.80 16 1.6E-03 0.81 18 2.8E-03 0.83 19 4.6E-03 0.48 18 2.8E-03 0.71
Cr 16 1.1E-03 0.62 14 1.4E-03 0.50 16 1.6E-03 0.63 19 2.6E-03 0.89 19 1.3E-02 1.43 18 3.9E-03 0.63 19 1.2E-02 0.61













aCoefficient of variation 
 
4.3 Meteorology Case Studies 
In order to provide insight into source area locations as well as meteorological influences 
(i.e. wind speed and precipitation) on fine particulate concentrations, daily surface wind 
patterns are compared with concentrations of fine particulate species at the seven sites in 
the Pearl River Delta.  In the four months of sampling, three unique meteorological cases 
were identified which can be summarized as follows: (1) “Southerly Flow” characterized 
by low to moderate winds from the South; (2) “Northerly Flow” having moderate to 
strong winds from the North, and (3) “Mixed Flow” associated with weak winds (wind 
speed < 3 m/s) shifting in direction throughout the day.  Table 4 lists the 13 sampling 
days (of 20 total) categorized into each meteorological case, with the remaining 7 days 
excluded for not clearly fitting into one of the three identified categories or for 
inconsistency in wind measurements among monitoring sites.  Measured hourly wind 
speed, wind direction, and daily precipitation for each categorized day are shown in 
Figure 9.  Though some variability exists among the meteorology sites, the presented 
measurements at the Shenzhen meteorology station (Lat: 22.5500, Long: 114.1000) 
represent general observed trends in wind and precipitation at the five other 
meteorological sites shown in Figure 4.  The full set of observed hourly wind speed, wind 
direction, and daily precipitation for all sampling days and at all meteorological stations 
is available in Appendix B.  It should be noted that surface wind measurements do not 
necessarily represent large-scale flow patterns, as local topography can affect surface 
measurements.  However, the selected meteorological sites in the Pearl River Delta are 




Table 4. Sampling days categorized into Southerly, Northerly, or Mixed Flow 
Meteorological Cases 
Southerly Flow Northerly Flow Mixed Flow 
2002.10.20 2002.10.08 2002.10.14 
2003.06.05 2002.12.13 2002.12.19 
2003.06.23 2002.12.25 2003.03.13 
2003.06.29 2003.03.07 2003.03.25 
  2003.06.17 
To relate upwind source regions with downwind concentrations of fine particulate matter, 
specific species linked with sources are examined for each meteorological category, 
including sulfate (coal combustion), organic compounds (combustion of fossil fuels, 
biomass burning, industrial sources, local cooking), elemental carbon (poor coal 
combustion, fuel oil combustion, combustion of diesel gasoline), potassium (biomass 
burning), and lead (combustion of leaded gasoline, industrial sources).  In order to 
compare the grouped series of days, each daily measured species is normalized by the 
concentration of the identical species on the same day at the Guangzhou site and then the 
relative concentrations of the grouped days are averaged.  Guangzhou was selected as a 
reference site because it is centrally located, has the highest average fine particulate 
matter concentration among the seven monitoring sites, and is hypothesized to be a major 
source area contributing to downwind concentrations.  The normalization lessens any bias 
due to precipitation events and seasonally-changing source strengths, such as the 
variability of biomass burning events throughout the year.  Assuming that source 
locations are remaining constant, the normalization allows a clear view into impacts of 
wind patterns on relative concentrations among the seven sites.   
 31
Southerly Flow Northerly Flow Mixed Flow 

























































































































































































































































































































































































































































Figure 9.  Measurements of wind speed, wind direction and 
precipitation at the Shenzhen meteorology site for selected days 
categorized as Northerly Flow, Southerly Flow, and Mixed Flow.  
Hourly wind magnitude and direction are indicated by the arrows and 
24-hour rainfall is indicated by the square markers. 





































Shown in Figure 10, the average relative concentration and standard error of the selected 
species at each site are categorized into Southerly Flow, Northerly Flow, and Mixed 
Flow.  Also, non-normalized average concentrations for each meteorological case are 
shown in Table 5, though it should be noted that looking at a single site’s change between 
meteorological cases may be biased by an uneven distribution of precipitation events 
within each category. 
 
Table 5. Average concentrations of measured species during Southerly Flow, 
Northerly Flow, and Mixed Flow 
    Average Concentration in mg m-3
  Site PM2.5 Sulfate OM EC Potassium Lead 
Tap Mun 18.0 6.0 3.3 0.30 0.194 0.013 
Tung Chung 22.1 6.8 3.4 0.65 0.235 0.016 
Central/Western 21.9 6.8 3.8 0.78 0.232 0.015 
Shenzhen 25.4 6.6 5.8 1.51 0.321 0.018 
Zhongshan 21.7 7.1 4.4 1.29 0.249 0.018 








Conghua 39.9 12.4 13.0 1.44 1.617 0.119 
Tap Mun 32.8 9.2 10.0 1.29 1.025 0.099 
Tung Chung 39.5 9.2 13.5 2.72 1.102 0.117 
Central/Western 36.4 8.5 12.3 2.29 0.963 0.089 
Shenzhen 52.4 10.2 19.4 4.00 1.337 0.164 
Zhongshan 60.6 13.3 23.8 3.33 2.443 0.308 









Conghua 26.5 7.8 9.3 1.03 0.848 0.101 
Tap Mun 38.9 12.3 8.5 0.94 0.592 0.071 
Tung Chung 38.5 11.6 10.3 2.11 0.529 0.051 
Central/Western 43.4 12.0 11.1 1.93 0.537 0.061 
Shenzhen 53.2 10.9 16.7 4.13 0.747 0.083 
Zhongshan 62.1 15.7 19.7 3.18 0.966 0.132 



















Figure 10. Normalized concentrations and standard error of species measured at seven 
Tap 
Mun (TM), Tung Chung (TC), Central/Western (CW), Shenzhen (SZ), Zhongshan (ZS). 
sites in the Pearl River Delta, categorized by wind pattern.  Site labels are as follows: 
Guangzhou (GZ), and Conghua (CH).   
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4.3.1 Southerly Flow 
Relative concentrations of PM2.5 and specific chemical species for southerly flow 
conditions can be seen in the leftmost column of graphs in Figure 10.  Average values for 
each of the flow conditions are given in Table 5.  During days with southerly winds 
transporting air masses northward from the ocean, a large difference is seen between 
PM2.5 average concentrations at the southernmost five sites (Tap Mun, Tung Chung, an
Central/Western in Hong Kong; Shenzhen and Zhongshan in Guangdong) and the 
northern two (Guangzhou and Conghua in Guangdong).  As shown in Table 5, mean 










ry (HYSPLIT) model (Draxler and Rolph, 2003) with 
CEP/GDAS FNL reanalysis meteorological data.  Figures of these model runs are 
-3, as compared to 47 µg m-3 
measured at the more northerly urban Guangzhou site.  The mean PM2.5 concentr
the northern background site in Conghua is 40 µg m-3, nearly twice as high as the sites 
south of Guangzhou.  It is apparent that a source area must be located near Guangzho
cause the observed accumulation of fine particulate mass over a relatively short distan
Comparing  rural Conghua located north of Guangzhou with the Zhongshan site plac
south of Guangzhou, an 18 µg m-3 increase representing a near doubling of downwind 
PM2.5 is observed and can be attributed to sources located in the region between the 
sites, including the city of Guangzhou.  In addition to the contribution to downwi
by the Guangzhou area, it should be noted that the levels at the upwind background site 
of Tap Mun (18 µg m ) indicate significant region-wide background PM-3 2.5.  To 
investigate further the origin of the particulate matter, 24 hour back-trajectory modeling




displayed in Appendix B.  Modeled trajectories were calculated for the two backgro
sites, Tap Mun and Conghua, at elevations of 100, 500, and 1500 m.  Although the 
rugged terrain of the region imparts uncertainty to meteorological modeling, the 
HYSPLIT model did confirm that the four southerly flow days had air parcels trans
inland from the ocean area to the South.  This implies that southerly flow fine particulate 
levels at rural Tap Mun may be due to long-range transport.  Local shipping emissions 
may also affect overall levels at Tap Mun, but the relative influence of this sour
requires further investigation. 
 
Sulfate is a dominant component of fine particulate matter in the PRD, on average 
contributing 21-32% of overall mass, as shown in Table 2.  The relative concentrations of 
sulfate during southerly wind are highest at the Guangdong background site at Conghua






ua and are within a close range 
t 
nal 
2.5, relative values of sulfate at the
southern five sites are about half that measured in Congh
of one another (0.44-0.53), with absolute concentrations of 6.0-7.1 µg m-3.  It is apparen
that a source of sulfate lies in the Guangzhou vicinity, leading to a doubling of 
concentrations from sites south of Guangzhou to northernmost Conghua.  However, 
though levels of sulfate at the southern sites are far less than northern areas, the sulfate 
concentrations at the southernmost five sites are still substantial.  With sulfate levels at 
remote Tap Mun similar to that at urban Shenzhen, it is expected that sulfate has regio
background levels during southerly flow that results in approximately half of the Pearl 
River Delta’s sulfate mass.  This background sulfate may be due to long-distance 
transport from outside of the Pearl River Delta region.   
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Both primary and secondary in origin, relative concentrations of organic compounds 
Conghua are more than double values measured at the southern five sites during 
southerly wind patterns, as shown in
at 
 Figure 10.  The change between the southern five 






 0.13 while more developed sites at Shenzhen and Zhongshan are nearly 





Comparing the Southerly Flow distributions of OM and sulfate, a higher range of OM
concentrations is observed among the southernmost five sites (3.3–5.8 µg m-3), with 
mean normalized concentrations also showing a wider range (0.20-0.35).  Some localized
influence on OM is thus predicted in the Hong Kong vicinity, with a tripling of OM
concentrations in Guangzhou attributed to both transport of precursors from the South 
and locally emitted organic species in the Guangzhou area.  The relatively high OM 
concentrations observed in Guangzhou are perhaps not surprising given the size of th
city and intense traffic congestion. 
 
Elemental carbon during Southerly Flow has a unique pattern compared with PM2.5, 
sulfate, and OM.  Among the southern five sites, background Tap Mun has a low re
concentration of
th
normalized concentrations at the Hong Kong sites of Tung Chung and Central/Western 
more than doubling background Tap Mun and even higher increases at urban sites within
Guangdong, local sources appear to strongly affect EC levels throughout the delta.  
Though EC concentrations seem to be mainly dominated by local sources, some impact
of transport is apparent with high relative levels observed at Conghua (0.56), located 
downwind of Guangzhou.  As with OM, the relatively high EC concentration in ur
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Guangzhou strongly suggests the importance of local sources on particulate matter 
concentrations. 
 
As shown in Figure 10, the Southerly Flow case for potassium shows extraordinarily h
relative concentrations at rural site Conghua, more than doubling urban Guangzhou
higher than sites south of Guangzhou by a factor of five.  A tracer for biomass burning, 
the significant increases moving northward throughout the delta lead to the conclusion 
that biomass burning sources are distributed within the northern section of the monitorin
area, near Guangzhou and north of the city toward Conghua.  Comparatively low 
measured potassium at sites south of Guangzhou points to a lack of biomass burning 





outhern Guangdong.  
Of all observed species, lead appears to be the most heavily dominated by sources in 
Guangdong, with homogeneously low relative concentrations south of Guangzhou 
(ranging from .09-.11) and levels at Guangzhou and Conghua higher by more than six-
fold.  Shown in Figure 10, the sudden jump in lead levels moving from sites Zhongshan 
and Shenzhen to nearby Guangzhou indicates a localized source area of lead within the 
vicinity of Guangzhou and perhaps north of the city.  Assuming no local production of 
lead near Conghua, the high lead concentrations at Conghua appear to be caused by 




4.3.2 Northerly Flow 
As seen in Figure 10, Northerly Flow relative levels of PM2.5 at sites south of Guangzho
more than double that observed during Southerly Flow, while normalized concentra




u, with highest relative concentrations at Zhongshan (1.4) and 
henzhen (1.2) and lower levels in the Hong Kong area (0.75-0.93).  Comparing upwind 
 




ives the heaviest dose of sulfate, with 
oncentrations relative to Guangzhou at 1.34 compared with 0.53 under Southerly Flow.  
Conghua now has lowest relative concentrations in the region (0.78) compared with 
S
Conghua and downwind Zhongshan, an increase of 34 µg m-3 can be linked to the 
Guangzhou region located in-between the two sites.  With an attenuation of impact 
related to distance from Guangzhou, the increase in concentration at the background site
of Tap Mun relative to Conghua is 6.3 µg m-3.  Overall, the doubling increase
concentrations at the three sites in Hong Kong as compared to Southerly Flow conditions 
points to the significant impact of the Guangzhou area on levels of fine particulate m
in Hong Kong.  In addition to increases observed downwind of Guangzhou, Northerly 
Flow PM2.5 measured upwind at rural Conghua is significantly high (~27 µg m-3 )
indicating a regional background concentration that may be due to long-range transport 
from northern areas.     
 
Similar to the reversal observed in PM2.5 concentrations when comparing cases of 
Northerly Flow and Southerly Flow, particulate sulfate levels likewise increase at sites 
downwind of Guangzhou and decrease at Conghua, located upwind of Guangzhou.  A
observed in Figure 10, Zhongshan rece
c
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ranking highest when downwind of Guangzhou.  Assuming negligible local imp
particulate sulfate concentrations at Conghua, its Northerly Flow average sulfate 












-3 indicates significant background particulate sulfate advecte
into the Pearl River Delta that constitutes over half of the 13.3 µg m-3 of sulfate measur
at Zhongshan.  Examining Table 5, it is interesting to note that the average difference
between the maximum at Conghua and upwind Zhongshan under Southerly flow is 5.3
µg m-3, while the Northerly Flow difference between the same two sites is 5.5 µg m-3.  
Thus, the direct contribution of the Guangzhou vicinity to particulate sulfate can be
roughly estimated at 5-6 µg m-3.         
 
Having a nearly identical distribution as the Northerly Flow case of PM2.5, OM 
concentrations appear to be influenced by a source area near Guangzhou.  Impact based
on proximity to Guangzhou is again observed, with Zhongshan and Shenzhen having 
much higher average OM levels relative to that seen during Southerly Flow and lesser 
increases in OM concentrations at sites in Hong Kong.  Though OM concentrations 
appear to have a regional increase at sites in Hong Kong, a localized influence is sti
evident with normalized OM levels observed at rural Tap Mun  ~20% lower than nearby 
Tung Chung and Central/Western, as shown in Figure 10.  With expected biomass 
burning sources near Conghua, as indicated by high potassium levels during Southerly 
Flow, OM concentrations at Conghua may be likewise influenced by nearby so
thus not indicative of regional background levels.  Even with the possible presen
OM sources near Conghua, the impact of transported organic particulate species from
Guangzhou is significant.  Absolute OM concentrations displayed in Table 5 show a 
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Northerly Flow difference between downwind Zhongshan and upwind Conghua of 14.5 
µg m-3 and an 8.5 µg m-3  increase from Zhongshan to Conghua during Southerly Flow.   
 
round Tap Mun (1.3 µg m-3). 
While normalized potassium at Conghua is seen to double levels at Guangzhou during 
Southerly Flow, as shown in Figure 10, Conghua ranks lowest among all sites during 
wind from the North, indicating significant biomass burning occurring south of Conghua.  
The reversal of flow causes highest relative levels at Zhongshan (1.9) with lessening 
impact moving southward to the sites in Hong Kong (.78-.91).  Though Conghua has the 
lowest potassium concentration during the case of Northerly Flow, the level is still 
relatively high (0.85 µg m ) and indicates a background contribution that constitutes 
more than a third of the peak level observed at Zhongshan.  The background potassium 
during Northerly Flow may be caused by biomass burning located near Conghua or due 
to transport from north of the Pearl River Delta region.   
 
With much lower relative concentrations at background sites (Tap Mun, Conghua) 
compared with  urban areas (Shenzhen, Guangzhou), the distribution of EC during 
Northerly Flow appears to be dominated by local sources.  However, it should be pointed 
out that some degree of transport is seen in concentrations at the background sites.  
Comparing the case of northerly winds to that of southerly winds, relative EC 
concentrations at Tap Mun increase by 0.21 during flow from the North, while 
normalized levels at Conghua decrease by 0.30, as shown in Figure 10.    Despite the 
observed transport of EC, local influence appears to remain significant at the three sites 
in Hong Kong, with much higher EC concentrations at Central/Western and Tung Chung




Normalized particulate lead concentrations are observed to dramatically increase at 
south of Guangzhou when comparing the case of Northerly Flow to Southerly Flow
a maximum 20-fold increase obse
sites 
, with 
rved at Zhongshan and a minimum 5-fold increase 
observed at Central/Western.  With relative concentrations spiking at Zhongshan (2.0), 
attenuation is again seen moving southward to Shenzhen (1.0) and the sites in Hong 
Kong (0.56-0.71).  While absolute lead concentrations, shown in Table 5, are observed to 
increase from 0.01 to 0.10 µg m  at the background site of Tap Mun, comparing cases of 
flow from the North and South, only a slight decrease of 0.02 µg m  in concentration is 
seen at Conghua.  It is expected that particulate lead is regionally advected into the Pearl 
River Delta during flow from the North, maintaining high concentrations of lead at 
Conghua.  However, local sources of lead at the background site in Guangdong cannot be 
ruled out.  Even given a rise in background levels of lead during Northerly Flow, a 
tripling in absolute lead concentrations from Conghua to Zhongshan indicates lead 
emissions local to Guangzhou.   
in 
 flow categories, as presented in Table 5.  In 
omparison to the dramatic change observed in Guangzhou, a more muted increase is 
seen at the remainder of sites in the delta, resulting in relative fine particulate levels at 
Guangzhou more than 40% higher than any other sampling site.  This observed maximum 
at Guangzhou is similarly observed for all presented species (sulfate, OM, EC, potassium, 
-3
-3
4.3.3 Mixed Flow 
Even though larger rainfall was observed during days within the Mixed Flow category 
comparison with Northerly and Southerly Flow, the stagnant conditions result in 
extremely high PM2.5 concentrations at Guangzhou, with levels more than 60 µg m-3 
higher than that observed for the other two
c
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and lead).  With limited transport of fine particulate concentrations, it is observed that 
sources within the vicinity of Guangzhou heavily impact local pollution during Mixed 
Flow.  Throughout the delta, stagnant winds result in an accumulation of fine par
matter from both local and regional sources, leading to higher PM
ticulate 
kground sites at Conghua (46 µg m-3) and Tap Mun (39 µg m-3) than observed 
uring Southerly or Northerly Flow.  The relatively low wind speeds likely favor more 
Compared with all other examined species, the Mixed Flow distribution of normalized 
sulfate concentrations indicates the most significant degree of regional impact, with high 
relative concentrations (0.53-0.74) observed at the six sites surrounding Guangzhou.  In 
contrast, the same six sites have lower relative levels of PM (0.36-0.58) as shown in 
Figure 10.  Though sulfate sources appear to have a regional influence on concentrations 
in the Pearl River Delta, sources in the vicinity of Guangzhou city cause sulfate 
concentrations at Guangzhou to measure more than 25% higher than any other site in the 
region. 
 
With a nearly identical distribution as relative concentrations of PM , normalized OM 
has a maximum at Guangzhou during stagnant conditions, significantly higher than the 
remainder of sites (ranging from 0.25 to 0.55).  In comparison to the distribution of 
sulfate among the seven monitoring sites during Mixed Flow, OM levels appear to have a 
more localized impact.  Major sources of OM are expected to be located near Guangzhou, 
causing a doubling of average OM concentrations at Guangzhou in comparison with 
Southerly and Northerly Flow, despite higher precipitation during Mixed Flow days.  
2.5 concentrations at 
both bac
d





Although a doubling in absolute OM is observed at Guangzhou, comparing Mixed Flow 
to Northerly Flow, a 10-20% decrease is observed at the southernmost five sites, 
indicating an isolation of high OM levels to Guangzhou.   
 
As observed during Northerly and Southerly Flow, a localized influence on EC is again 
apparent during Mixed Flow, with relative concentrations at the urban areas of 
Guangzhou and Shenzhen (0.69) much higher than background levels at Conghua (0.29) 
and Tap Mun (0.18).  Localized sources are also apparent within the Hong Kong region, 
with normalized EC at Central/Western and Tung Chung more than doubling that 
measured at background Tap Mun.   
The distribution of potassium concentrations during Mixed Flow supports a source area 
located near Guangzhou and Conghua.  Ranked highest in the region during stagnant 
conditions, levels of potassium at Guangzhou (2.8 µg m ) are more than double 
concentrations measured during both Southerly and Northerly Flow, in spite of higher 
rainfall during Mixed Flow days.  Though potassium levels increase at Conghua by 
130%, comparing the case of Mixed Flow to Northerly Flow, a decrease of 40-60% is 
measured among the five sites south of Guangzhou.  The stagnant winds appear to isolate 
 to the northern Pearl River Delta region and indicate a 
source area affecting concentrations at both Guangzhou and Conghua.   
d 
r Delta and 
 
-3
high concentrations of potassium
 
With a nearly identical distribution as particulate potassium, levels of lead during Mixe
Flow similarly appear to be dominated by sources in the northern Pearl Rive
have little transport to sites south of Guangzhou.  Compared with Northerly Flow, the 
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southernmost five sites have a 30-60% reduction in absolute levels of lead while 
Guangzhou and Conghua increase by 140% and 160%, respectively.  With Mixed Flow 
lead concentrations at remote Tap Mun (0.07 µg m-3) similar to that at urban Shenzh
(0.08 µg m
en 
led.    
Chung) with a site located in an undeveloped region (Tap 
Mun).  It is seen that S and K levels appear to have similar characteristics at both the 
rural and urban sites, having high correlation (R2 > 0.76) and comparable concentrations.  
This strong relationship suggests that the Hong Kong area is affected regionally by 
exterior sources for both species. Sulfur, usually found as a sulfate ion in particulate 
matter, is typically associated with the combustion of coal burning while K is often 
linked with biomass burning (Watson et al., 2001), although incineration has also been 
suggested as another important source of K in the Pearl River Delta (Louie et al., 2005).  
In comparison, Na and Ni show very little relationship among the sites in Hong Kong (R2 
< 0.23), indicating that local sources (oceanic and fuel oil, respectively) may be important 
in controlling their levels.   
-3), particulate lead in Hong Kong vicinity appears to be regionally control
 
4.4 Correlative Analysis 
One simple and useful approach to looking at the influence of local versus regional 
sources is to correlate pairs of sites.  Figures 11a-d show examples of the information 
obtained by comparing two sites in Hong Kong situated in developed areas 
(Central/Western and Tung 
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Figure 11a. Sulfur measured at the Hong Kong background site, Tap Mun, compared 
with the more developed sites in Hong Kong, Central/Western and Tung Chung. 
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Figure 11b. Potassium measured at rural Tap Mun, com
Tung Chung. 
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This analysis of correlative characteristics was extended to all 24 elements, with the inter-
site Pearson correlation coefficients displayed in Figure 12.  Based upon this analysis, 11 
of the 24 elements (Al, Si, S, K, Ca, Mn, Fe, Zn, Br, Rb, Pb) exhibit strong inter-site 
correlation for the Hong Kong sites (average Pearson r > 0.8) and thus appear to be 
controlled by sources outside of Hong Kong.  In contrast, the remaining species (Na, Cl, 
V, Cr, Co, Ni, Cu, As, Se, Sr, Sn, Tl, EC) appear to be influenced to varying degrees by 
local natural and anthropogenic sources.       
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Figure 12. Pearson correlation coefficient calculated between pairings of Hong Kong 
sites Tap Mun, Tung Chung, and Central/Western.  Markers denote the average of th
three correlations, with bars stretching from maximum to minimum correlation 
coefficient.   
 
 
While high correlation between sites in Hong Kong may be due to transport of external 
emissions into the Hong Kong area, the strong relationship between sites could also b
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induced by a locally distributed source that undergoes similar patterns among sites due to
meteorology.  However, additional evidence of equal element magnitudes points to an 
external source impacting the Hong Kong area equally.  To further test that the 11 high
correlated elements (Al, Si, S, K, Ca, Mn, Fe, Zn, Br, Rb, Pb) are controlled by sources
exterior to Hong Kong, a linear least squares fit was calculated for these species, us
the rural Hong Kong site, Tap Mun, as an independent predictor of concentrations at th
two Hong Kong sites in developed locations (Central/Western and Tung Chung).  It can 
be seen in Table 6 that the linear fit for each species has a calculated slope in the range of 
0.7-1.1, with the significance of the slope represented by t-values well-exceeding 2.0.  In 
addition, the calculated intercept is shown to be minor to negligible for each species. 
This demonstrates how concentrations of the selected species increase and decrease in a 
nearly equal fashion among the entire Hong Kong region, indicating that exterior sourc










quares fit of developed sites in Hong Kong versus rural Tap Mun 
  Tung Chung vs. Tap Mun   Central and Western vs. Tap Mun 
Species Slopea tb   Intercept t   Slope t   Intercept t 
 0.7 Al 0.86 ±0.39 4.6  0.010 ±0.043 0.5  1.07 ±0.27 8.5  0.010 ±0.030
Si 0.84 ±0.11 16.0  0.018 ±0.049 0.8  0.91 ±0.08 24.7  0.028 ±0.035
K 0.89 ±0.18 10.4  0.052 ±0.127 0.9  0.96 
 1.7 
±0.11 18.3  0.013 ±0.078 0.4 
Ca 1.00 ±0.18 12.0  0.014 ±0.021 1.4  0.97 ±0.12 17.7  0.025 ±0.014 3.9 
Mn 0.96 ±0.19 10.4  0.001 ±0.003 1.3  0.95 ±0.15 13.3  0.003 ±0.002 3.3 
Fe 1.02 ±0.14 15.3  0.021 ±0.024 1.9  0.93 ±0.14 13.8  0.041 ±0.024 3.6 
Zn 0.94 ±0.16 12.2  0.006 ±0.037 0.3  0.79 ±0.13 12.5  0.047 ±0.031 3.2 
Rb 0.80 ±0.25 6.9  0.001 ±0.002 0.9  0.81 ±0.12 14.5  0.000 ±0.001 0.2 
S 0.91 ±0.25 7.6  0.163 ±0.093 0.4  0.87 ±0.15 12.6  0.406 ±0.536 1.6 
Br 0.66 ±0.23 6.1  0.002 ±0.002 2.2  0.86 ±0.21 8.7  0.001 ±0.002 1.9 
Pb 0.80 ±0.26 6.5   0.009 ±0.021 0.9   0.80 ±0.08 20.3   0.005 ±0.007 1.7 
 aValue is the calculated best-fit slope or intercept ± the parameters 95% confidence interval, using the Tap 
Mun concentrations of each element as the independent variable. 




The next step of analysis was to determine whether sources of the 11 species are located 
within the Pearl River Delta or at a further distance from Hong Kong.  Correlating the 
levels of Hong Kong sites against potential nearby source areas (sites in developed areas 
of Guangdong province - Shenzhen, Zhongshan, and Guangzhou) provides useful 
information about source location.  High correlation with nearby developed areas in 
Guangdong province would indicate that long-distance transport is the dominant 
mechanism controlling a species throughout the entire region, while low correlation 
indicates a local source area is important.  Figures 13a-c show the correlation of the 
selected species (Al, Si, S, K, Ca, Mn, Fe, Zn, Br, Rb, and Pb) for pairings of the Hong 
Kong sites with Shenzhen, Zhongshan, and Guangzhou, respectively.  In Figure 13a, it 
ith high correlation (average Pearson r > 8.0) for 8 species (Si, S, K, Ca, Fe, Zn, Rb, 
Pb) and moderate correlation (average Pearson r > 6.0) for 2 others (Al and Mn).  







appears that Shenzhen has a close relationship with Hong Kong for nearly all species, 
w
However, Br appears to have a weaker relationship (average r = 0.43).  The pairing of 
Hong Kong and Zhongshan (Figure 13b) also has 
species (Al, Si, S, K, Ca, Mn, Fe, Rb, Pb), while Zn and Br stand out for low correlation. 
Finally, correlating Hong Kong with Guangzhou leads to no correlation for 8 species (Al
Si, K, Ca, Mn, Fe, Rb, and Pb), with moderate positive correlation for S and Br, and 
moderate negative correlation for Zn.  The low correlation of the 8 species between 
Kong and Guangzhou combined with the regional maximum average concentration of
each species recorded at Guangzhou points to this rapidly industrializing area as a m
source area of both crustal material (Al, Si, Ca, and Fe) and anthropogenic species
Mn, Rb, Pb).   
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Figure 13a. Pearson correlation coefficient calculated between pairings of Hong Kong 
tes Tap Mun, Tung Chung, and Central/Western with Shenzhen, located immediately 

























Figure 13b. Pearson correlation coefficient calculated between pairings of Hong Kong
sites Tap Mun, Tung Chung, and Central/Western with Zhongshan, located west of the
























Figure 13c. Pearson correlation coefficient calculated between pairings of Hong Kong 
sites Tap Mun, Tung Chung  Central ern w angzhou, located northwest of 
the Hong Kong Special Adm strative R .   
 
 
The varying relationship of nd Zn fo ngs o g Kong sites with Guangzhou, 
Zhongshan, and Shenzhen points to sources in the Guangdong province influencing the 
Hong Kong area.  The no correlation at 
Zhongshan, and moderately negative correlation at Guangzhou indicates a possible 
source area located south of Guangzhou and near Zhongshan.  In addition, the source 
location of Br is perplexing, having the maximum concentration observed at rural 
northern site, Conghua, yet also poor correlation for Hong Kong sites paired with 
Shenzhen and Zhongshan.  One previous study linked Hong Kong’s bromide levels with 
vehicular sources and road dust (Lee et al., 1999), although incineration has also been 
suggested as another potentially important source for the region (Louie et al., 2005).  
Clearly, further research is needed to evaluate the source characteristics of Br in the Pearl 
, and /West ith Gu
ini egion
 Br a r pairi f Hon
 strong positive correlation of Zn at Shenzhen, 
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River Delta.  Finally, the moderate to high correlation of S (average Pearson r of 0.52 to 
.94) between Hong Kong and the three developed sites in Guangdong supports the 
meteorological case studies which described region-wide increases in sulfate levels 
during northerly flow, although local sources of S are also expected.  Given that sulfate is 
a significant component of PM2.5 throughout the region, sources outside of the Pearl 
River Delta region may be an important factor influencing overall PM2.5 concentrations in 
the area.   
 
, 
rce types.  
ombining data for the three Hong Kong sites and Shenzhen, Principal Components 
e package (SPSS 12.0).  Shown in 
fac ix of 
urb s 
uns e 
latter clustering of elem e 
al., 2001), while Pb has a multitude of non-biomass burning sources including fossil fuel 
com
clustering of these anthropogenic elements is a similar origin and/or co-located sources at 
0
4.5 Factor Analysis 
After having established that all three Hong Kong sites and to a major extent, Shenzhen, 
are influenced by external sources for 11 species (Al, Si, S, K, Ca, Mn, Fe, Zn, Br, Rb
and Pb), statistical relationships between these species can point to sou
C
Analysis was performed using a statistical softwar
Table 7, two factors were found that represented 81% of the total variance, with one 
tor displaying crustal characteristics (Al, Si, Ca, and Fe) while the second has a m
an and industrial activities (K, Mn, Zn, Rb, and Pb).   While the former grouping i
urprising, as Al, Si, Ca, and Fe exhibited similarly low crustal enrichment factors, th
ents may not be easily explained as originating from the sam
source.  For example, K is often used as a common tracer for biomass burning (Watson et 





Tab e Components Analysis of measurements made at sites in Hong Kong 
(Tap Mun, Tung Chung, Central/Western), and Shenzhen 
stance from Hong Kong, resulting in a general anthropogenic pollution signature 




  1 2 
Al .249 .912 
Si .456 .865 
S .499 .227 
K .826 .486 
Ca .315 .898 
Mn .749 .553 
Fe .562 .790 
Zn .895 .323 
Br .462 .429 




























hou ring October 2002, December 




• The chemical make-up of the fine particulate matter is similar among the seven sites, 
ass at 24-35% and 21-
32%, respectively.  Other measured species include crustal matter (7-13%), 
ammonium
portion of PM2.5 mass ranges from 10-21%.  This fraction of PM2.5 may be due to 
water mass associated with the particulate matter, underestimation of the crustal mass 
5.1 Conclusions 
elopment of an effective fine particulate management plan in the Pearl River Delta 
 been hindered by a lack of information about the regional nature of PM2.5, with 
ional chemical composition, influential source areas, and meteorological impacts not 
l known.  To assess fine particulate pollution throughout the PRD, simultaneous 24
r filter measurements were conducted at seven sites du
2
species throughout the region, the following conclusions were drawn: 
 
2.5 overall  concentration and composition: 
PM2.5 concentrations at all sites in the region far exceed the United States Nationa
Ambient Air Quality Standard of 15 µg m-3 (annual average) and World Health 
Organization Air Quality Guideline of 10 µg m-3 (annual average), with levels in 
Hong Kong ranging from 29-34 µg m-3 and even higher average concentrations in 
Guangdong ranging from 37-71 
with organic mass and sulfate dominating fine particulate m









Guangzhou city.  A gradient effect was observed, with the most extreme increases in 
fine
to Guan
• Sulfate ated 
at 6-8 µ
concentrations at sites upwind and downwind of Guangzhou indicates a direct input 
• 
mediately downwind and a 
 organic mass at the Guangzhou site during stagnant 
 sources are also evident in the Hong Kong region, with rural 
 elemental concentrations, and/or an underestimation of the mass of organic 
nds. 
ormation from meteorology case studies: 
rison of PM2.5 levels at sites immediately upwind and downwind of 
hou during northerly and southerly flow conditions indicates an estimated 
ution of 18-34 µg m-3 to downwind PM2.5 by sources in the vicinity of 
 particulate matter during northerly winds occurring at Zhongshan, located close 
gzhou, and lesser change observed at the more distant sites.   
, related to the burning of coal, has a high regional background level estim
g m-3, over half of the total measured sulfate.  Analysis of sulfate 
of 5-6 µg m-3 from sources near Guangzhou city.   
Guangzhou also stands out as a prominent regional source of organic mass (OM), 
with observed increases of 8.5-14.5 µg m-3 at sites im
disproportionate elevation in
conditions.  Local OM
Tap Mun consistently lower than urban Central/Western.   
• Regional levels of elemental carbon (EC) are highest during all flow conditions at 
urban Shenzhen and Guangzhou.  Local sources of EC are evident within Hong 
Kong, with more developed sites at Tung Chung and Central/Western having nearly 
double the EC concentrations measured at rural Tap Mun.   
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• The distribution of potassium (biomass burning) and lead (industrial sources, 
combustion of fossil fuels) indicate significant sources in northern area of the de
influencing concentrations downwind.  The regional distribution of potassium points 
to sources in the vicinity of both Guangzhou and Conghua, with strikingly h
observed at Conghua during southerly flow.  Regional levels of lead appear to be 
controlled by sources in the vicinity of Guangzhou.   
 
Source information from analysis of element enrichment and correlation: 







.   




concentrations.  Significant differences in concentration among three Hong Kon
sites were observed for a number of species (EC, Cl, V, Cr, Co, Cu, Sr, and Sn),
which also indicates spatial variability in local population exposure.  In addition, low
(r < 0.5) or moderate (0.5 < r < 0.8) inter-site correlation supports the conclusion that 
Hong Kong is impacted by local sources for the above elements as well as seve
others (As, Ni, Na, Se, Tl)
•
Delta substantially influences regional air quality: 
o With elements initially grouped by their enrichment factors as primarily 
crustal, oceanic, or anthropogenic origin, it was found that Guangdong sites 
had generally much higher concentrations of both crustal and anthropogen
elements in relation to sites in Hong Kong.   
o The high inter-site correlation (r > 0.8) of certain elements (Al, Si, S, K, C
Mn, Fe, Zn, Br, Rb, Pb) and their similar magnitude of concentration 
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throughout Hong Kong points to region-wide impacts by sources external t




most of the clustered anthropogenic elements (K, Mn, Rb, Pb), with Zn 
appearing to be controlled by a source area between Guangzhou and 
Zhongshan. 
• The moderate to high inter-site correlation of S in all analyses supports the influence 
of long-distance transport into the Pearl River Delta, although local sources are also 
expected to contribute to regional concentrations.   
 
hina is particularly 
hallenging to govern on a region-wide scale.  Since Hong Kong was incorporated into 
er the 
Analysis and 9 were found to group as a crustal identity (Al, Si, Ca, and Fe) 
and an anthropogenic pollution signature (K, Mn, Zn, Rb, Pb) potentially 
linked by co-located industrial activities, such as biomass burning and 
incinerator emissions.   
o Correlative analysis extended to include source areas in Guangdong
that Guangzhou is a regionally important source area of crustal species and 
5.2 Policy Implications 
Environmental pollution in the Pearl River Delta Region of C
c
China in 1997, it was granted status as a Special Administrative Region and is und
“one country, 2 governments” system until 2047.  Under this political framework, Hong 
Kong has a fairly autonomous political and economic system that extends to self-
governship in environmental affairs.  Thus, although close neighbors, the Hong Kong 
Special Administrative Region and Guangdong Province have different air quality 
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standards and different means of enforcement.  Neither region currently regulate
Daily and annual limits for PM
s PM2.5.  
ses, 
 
ring city of Guangzhou (located in Guangdong) the 






ions from vehicles and shipping. 
10 in Hong Kong are 180 µg m-3 and 55 µg m-3, 
respectively.  Guangdong has regulations particular to two separate emission clas
nonindustrial regions (150 µg m-3  daily, 100 µg m-3 annual average) and industrial 
regions (250 µg m-3 daily, 150 µg m-3 annual average) (CH2M HILL, 2002).  The ability
to regulate emissions in the region is further complicated by vast socioeconomic and 
industrial differences between the two populations.  In Hong Kong, the average income is 
~$16,500, while in the neighbo
a
service industry while Guangdong has an economy fueled by manufacturing.  While it 
would be politically easier to continue managing the two regions as separate entities, ou
findings indicate that the two diverse parts of China will need to work together to 
improve regional air quality. 
 
Overall, our results suggest that fine particulate pollution in the Pearl River Delta R
of China can be greatly improved by targeting emissions inside the region, both within
the Hong Kong Special Administrative Region and in neighboring Guangdong Prov
The heavily developed Guangzhou vicinity, located in Guangdong, appears to be an 
important emissions area that substantially influences downwind PM2.5 concentrations.
Management of emissions (biomass burning, fossil fuel combustion, and dust) in the 
Guangzhou vicinity would have strong positive impacts on air quality at nearby regions, 
including the city of Hong Kong.  In addition, it appears that air quality in the city of 
Hong Kong can be improved by locally reducing emiss
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A need to address emissions on an even larger scale is suggested by our observation that 
early half of the measured sulfate may be transported into the region.  With coal burning 
particulate 
 River 
5.3 Recommendations for Further Research 
Particulate matter pollution in the Pearl River Delta Region of China is a challenging 
issue linking research disciplines such as sociology, economics, atmospheric science, 
epidemiology, agriculture, and engineering.  To fully understand air quality in the Pearl 
River Delta and the best strategies for its improvement, continuing research is needed in 
each of these areas.  Addressing the specific focus of this thesis, suggestions for further 
research in the atmospheric science arena are provided here: 
 
• Determine spatial variability in source impacts and population exposure 
Closely linked with this study, expanded (spatially and temporally) field measurement of 
fine particulate matter in this region would provide a great deal of policy-relevant 
information.  The limited number of measurements presented by this thesis illustrates 
spatially variable PM concentrations, suggesting equally variable population exposure 
and location-specific source impacts.  A greater number of sampling locations, 
particularly in high concentration areas such as the Guangzhou vicinity, would better 
n
as a common source of sulfur dioxide and consequent secondary sulfate in 
matter, it is likely that the intense growth of coal-based power in China is impacting air 
quality on a national scale.  Further research would be needed to evaluate the 





capture the state of particulate pollution and its associated impacts.  In addition, 
sustaining sampling over a longer period of time would provide a higher number of data 
points and more sophisticated analytical tools (e.g. Positive Matrix Factorization) could 
e applied to derive site-specific source information.  Also, extending sampling would 
te pollution and 
rofiles 
 
 estimates have been calculated, these are 
nfortunately not without controversy.  For examples, recent NOx emission estimates in 
hina were reported to be in disagreement with satellite-derived NOx (Akimoto et al., 
006), adding doubt to emissions reported for other types of air pollutants in China.  As 
hina’s energy appetite continues to grow with increasing individual vehicle ownership 
nd booming industrial growth, precise and up-to-date emissions inventories are needed 
 accurately model and forecast regional air quality.   
b
allow for an improved understanding of the connection between particula
local human health impacts.   
 
• Characterize regional emissions magnitude, source locations, and source p
Emissions of fine particles and gaseous precursors are only crudely known in the Pearl 
River Delta Region.  Source profiles of major sources in the region are unknown, 
including coal burning, biomass burning, shipping fuel combustion, and vehicular 
emissions.  Not only would these source profiles be useful in defining an emissions 
inventory, they would also support higher accuracy in applying receptor modeling 
analyses (e.g. chemical mass balance model) to apportion fine particulate pollution to










• Analyze linkage between unique episodes and regional air quality 
While long-term sampling of air quality is useful in determining sources and population 
exposures, observing extreme air quality events (high and low) induced by emissions 
changes can provide unique information.   One period of time that would be very 
interesting to study would be April-May 2003, during the Severe Acute Respiratory 
Syndrome (SARS) outbreak that was centered in Guangdong and Hong Kong.  The 
SARS episode ended up significantly altering population dynamics during this time 
period as residents sought to lessen exposure by avoiding public areas.  In addition, the 
World Health Organization issued an international advisory on 12 April 2003 that 
suggested all non-essential travel to the region be postponed, causing a significant drop in 
air traffic and tourism.  This major event likely caused an alteration of related emissions 
such as vehicular and aircraft transport, restaurant emissions, and shipping traffic.  To our 
knowledge, no PM2.5 measurements are available covering that time period, but it would 
be highly interesting to study related species (e.g. NOx, CO, PM10) that are routinely 
sampled by regional environmental protection departments and relate the changes in 
anthropogenic sources with the resulting ambient concentrations. 
 
An additional reoccurring event that may provide insight on air quality impacts is the 
Chinese New Year.  During this annual celebration, manufacturing in China often shuts 
down for a week or more.  It would be interesting to evaluate the short-term effects of 
reduced emissions on particulate matter composition and concentrations.  In addition, 
epidemiological factors, such as hospital admissions or personal exposure, would be very 
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interesting to assess during the Chinese New Y es of the 
year. 
 
ng-distance transport of particulate matter in China 
coal 
 past studies have found 
Asian d , 








ear in comparison with other tim
• Evaluate lo
While this thesis focuses primarily on pollution transport within the Pearl River Delta 
Region, in all likelihood a much greater spatial scale is involved both in generating 
particulate matter and in receiving pollution generated by the PRD.  Our research 
suggests that the sulfate component of particulate matter, most likely produced by 
burning, has a spatial scale extending beyond the PRD.  Also,
that airborne dust in China can be heavily impacted by long-distance transport from 
ust storms occurring in northwest China (Tsai and Chen, 2006; Wang et al.
 As cities within and near China struggle to meet air q
crucial to understand the long-distance impacts of emitting sources in China on both 




PART 2: PARTICULATE MATTER ON THE GREENLAND ICE SHEET 
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CHAPTER 6: INTRODUCTION 
6.1 Foreword 
Part II of this thesis focuses on carbonaceous particulates measured in the air and
on the Greenland Ice Sheet, providing an extended version of the following publications:  
(1) Hagler, G.S.W, Bergin, M.H., Smith, E.A., Anderson, C., Dibb, J.E., Steig, E.J. 
 Particulate and water-soluble carbon measured in recent snow at Summit, 
 Greenland, Geophysical Research Letters, in review. 
(2). Hagler, G.S.W, Bergin, M.H., Smith, E.A. A summer time series of particulate  
carbon in the air and surface snow on the Greenland Ice Sheet. Journal of 
Geophysical Research-Atmospheres, in preparation. 
(3). Hagler, G.S.W, Bergin, M.H., Smith, E.A., Dibb, J.E, Town, M. Analysis of cam




 and snow carbonaceous particulate measurements at 





6.2 Background on the Greenland Ice Sheet 
The Greenland Ice Sheet is arguably the most pristine region of the Northern 
Hemisphere, covering over 80% of sparsely inhabited Greenland (population: ~60,000)
with 1.7 million km2 of ice.  It is valued as both a major agent in modern global climat
and for its frozen archive of atmospheric history dating up to 100,000 ybp (years b
present) (Bender et al., 1994; Meese et al., 1997).  In addition, located far from any 
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biogenic or anthropogenic emissions, the air above the Greenland Ice Sheet may be 
6.2.1 Climate Change and Ice Loss 
While the global surface average temperature warmed by 0.6 °C (±0.2 C) during the 20th 
century (IPCC, 2001), the Greenland Ice Sheet has been observed to have experienced 
2.2 times the global temperature increase over the time period of 1974-2005 (Chylek and 
Lohmann, 2005) which is in agreement with global climate models predicting 
Greenland’s faster temperature increase of 1.2-3 times the global mean (IPCC, 2001).  
The local warming measured on the Greenland Ice Sheet translates to observations of a 
gradual loss of ice, with the modeled ice sheet mass balance estimated at -76 km3 y-1, 
leading to a 2.2 mm sea level rise (contributing 15% of global sea level rise) during 1991-
2000 (Box et al., 2004).  A second modeling study over a longer period of time found an 
overall mass balance of -22 km3 y-1 in 1961-1990 and -36 km3 y-1 for 1998-2003, with 
melting during the past 6 years contributing 0.15 mm y-1 to global sea level rise (Hanna et 
al., 2005).  Finally, a recent study reported laser altimeter measurements of accelerating 
mass loss in recent years, with mass loss in 1999-2004 (57-105 Gt y-1) much higher than 
in 1993-1999 (4-50 Gt y-1) (Thomas et al., 2006).  It appears that the progressive melting 
of the Greenland Ice Sheet is not a futuristic fear, but a present-day event.   
 
Since the mid-1980s, black carbon (or soot) entrapped in snow has been highlighted for 
its potential to lower surface albedo and contribute to local warming in snow-covered 
regions, also resulting in a net positive forcing on global climate (Clarke and Noone, 
1985; Twohy et al., 1989).  There have been several recent modeling efforts aimed at 
considered as the hemispheric background for atmospheric pollutants. 
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quantifying the climate impact of black carbon in the Arctic.  One study tested 
quadrupling fossil fuel black carbon emissions and found that the Arctic had 
proportionally greater warming than at lower latitudes, explained by an ice 
melting/surface albedo feedback mechanism (Roberts and Jones, 2004).  Another study 
assessed the climatic impact of black carbon lowering snow and sea ice albedo, 
estimating a Northern Hemisphere climate forcing of +0.3 W m-2 and finding that the 
snow/ice albedo forcing was twice as effective in altering global surface air temperatures 
as the same given CO2 forcing (Hansen and Nazarenko, 2004).  Additionally, a similar 
study found that, when accounting for the snow/ice albedo impacts of fossil fuel and 
biofuel soot (black and organic carbon) in a global climate model, a 10-year near-surface 
temperature response was estimated at +0.27K, with black carbon in snow/ice accounting 
for ~0.06 K of the total response (Jacobson, 2004).  It is clear that black carbon 
transported to the pristine Arctic is capable of significantly impacting both local and 




6.2.2 Archival of Atmospheric History 
Pioneering ice core research on the Greenland Ice Sheet took place in the late 1960s and
early 1970s, successfully dating a ~1400 meter ice core via isotopes of oxygen 
(Dansgaard et al., 1969) and evaluating anthropogenic impacts on heavy metals by 
comparing surface snow samples with dated samples from the walls of deep ice shafts
(Weiss et al., 1971a; Weiss et al., 1971b).  Forty years of research has since followed 
those early studies, measuring the ice core record of a wide variety of species and 
determining related background information, such as the transport pathways of po
to the Arctic and the physical properties of archival in the ice sheet.  
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A number of ice core studies on the Greenland Ice Sheet have detected heightened levels 
of atmospheric species related to human activities.  The oldest anthropogenic emissions 
(lead and silver) detected in Greenland ice cores thus far date back to 500 B.C. from 
Roman and Greek mining/smelting operations (Hong et al., 1994).  More recent human 
industrial activities are also reflected in the buried Greenland ice, such as the significant 
increase in lead observed during 1750-1998, with the phasing out of leaded gasoline in 
the 1970s reflected in a >75% decline in annual lead flux to the ice sheet (McConnell et 
al., 2002).   Also, ice core records reveal that non-sea-salt sulfate archived concentrations 
tripled from 1900-1910 to the 1980s and nitrate doubled since 1955 (Mayewski et al., 
1986).  Human-driven emissions were also detectable in the sulfur isotopic signature, 
comparing a preindustrial period (14  to 18  century) with 1872-1969 (Patris et al., 
2002).  Specific episodes in human history are also found to leave a record in the glacial 
ice, such as the measured pulse of deposited 36Cl in ice core layers in the 1950s to1970s 




resulting from marine nuclear tests that took place in t
134Cs and 137Cs in the Greenland snow pack were linked to the 1986 Chernobyl a
(Davidson et al., 1987).  It appears that the Greenland Ice Sheet holds a wealth of 
historical information related to anthropogenic emissions. 
 
Atmospheric impurities associated with natural events such as volcanic eruptions, forest 
fires, and dust storms are also tracked in ice cores from the Greenland Ice Sheet.  Major 
sulfate spikes are associated with volcanic activity occurring from 7000 B.C. to recent 
times (Zielinski et al., 1994).  High episodic levels of black carbon, organic species,
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ammonia have also been associated with biomass burning (Cachier and Pertuisot, 1994; 
Chylek et al., 1995; Legrand et al., 1992; Masclet et al., 1995; Whitlow et al., 1994).  
Finally, major dust events are also reflected in the ice cores on the Greenland Ice Sheet, 
including an apparent record of the United States dust bowl disaster that occurred
1930s (Donarummo et al., 2003).   
 in the 
6.2.3 Modern Origin of Pollutants Reaching the Greenland Ice Sheet 
Several studies have investigated the origin of atmospheric pollution transported to the 





Greenland Ice Sheet through meteorological modeling and 
trajectory analysis of air masses reaching Summit, Greenland over 1946-1989 found 
longest 10-day trajectories in wintertime, with the majority of wintertime air parcels 
transported from Asia and Europe.  Shortest 10-day trajectories occurred during 
summertime, with nearly half originating over North America (Kahl et al., 1997).  
Through chemical analysis of dust in shallow snow depths, Northwest Asia has been 
pointed out as the likely main source area of recent (post-1987) mineral dust deposits in
Greenland snow (Bory et al., 2003; Bory et al., 2002; Drab et al., 2002).  Looking in 
particular at sources of carbonaceous particulates reaching the pristine Arctic, a recent 
study used a general circulation model to determine that 30% of Arctic soot is transporte
from industrial and biofuel emissions in south Asia, while North America, Europe, and 
Russia each produce 10-15% of Arctic soot.  Biomass burning, mostly at northern 
latitudes, was also found to contribute a significant portion of soot (28%) (Koch and 
Hansen, 2005).  It appears that modeling studies and analysis of minerals in the snow/ic
are in agreement that the Greenland Ice Sheet is regularly exposed to natural and 
anthropogenic atmospheric particulate matter generated thousands of kilometers awa
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6.3 Carbonaceous Particulate Matter and the Greenland Ice Sheet 
Organic (OC) and elemental carbon (EC) in air, snow, and ice on the Greenland Ice Sheet 
are of interest for their potential usefulness as chemical signatures of anthropogenic and 
biogenic pollution.  Past research has found that the ambient particulate organic fraction 
contains numerous compounds, many of which are stable in the atmosphere and can 
fingerprint source types such as biomass burning, coal combustion, and vehicular 
transport (Schauer et al., 1996; Simoneit et al., 1999).  Outside of its utility as a 
combustion tracer, EC in the air and surface snow is also of interest for its capability to 
alter the radiative balance of the ice sheet.  Finally, recent research points to the 
possibility that particulate organic species may participate in active chemistry after 




6.3.1 Atmospheric Carbonaceous Particulate Matter 
While gas-phase organics have been measured in numerous field studies on the 
Greenland Ice Sheet (Dassau et al., 2002; Dibb and Arsenault, 2002; Dibb et al., 1994; 
Ford et al., 2002; Hutterli et al., 1999; Jacobi et al., 2002), very few measurements o
particulate carbon compounds have been reported.  One field study measured particulate 
oxalate at Summit, Greenland (the highest point of the Greenland Ice Sheet) from 1992-
1995 and linked high concentration spikes to biomass burning pollution (Jaffrezo et al., 
1998).  Also, 14C was measured on filter samples covering 5 days in August, 1994
described a high one-day concentration spike linked to biomass burning activity in 
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Canada (Currie et al, 2005).  In addition, black carbon was also measured at Summit and 
found to hit intensely high levels (up to 600 ng m-3 from the 2003-2006 annual ave
~15 ng m
rage of 
-3) during the 2004 Alaskan and Canadian forest fires (Stohl et al., 2006).  To 
 author’s knowledge, there are no other reported measurements of particulate 
6.3.2 Archival and Post-Depositional Processing in Snow 
A number of recent research studies sought to use carbonaceous species entrapped in 
glacial snow/ice to interpret recent and long-term history on the Greenland Ice Sheet.  
Black carbon and total carbon were sampled in a 300-meter core and in surface snow, 
with authors noting that the surprisingly little change in black carbon concentrations since 
pre-industrial times may be due to emissions from forest fires before the industrial era 
(Cachier and Pertuisot, 1994).  Another group measured black carbon in the GISP2 ice 
core and found that major peaks in 320-330 AD correlated with spikes in ammonium, 
indicating that the high black carbon levels were linked to forest fires.  This second study 
also noted that the surface snow concentration (1989-1990) was at similar levels as the 
320-330 AD period (Chylek et al., 1995).  More recent measurements (3-5 m snow pits) 
sampled at higher temporal resolution for 14C (Slater et al., 2002) and polycyclic aromatic 
hydrocarbons (PAHs) (Jaffrezo et al., 1994; Masclet et al., 2000; Slater et al., 2002).  The 
14C measurements in 1994 indicated that fossil fuel combustion was a major source of 
carbonaceous particulate matter in the fall and spring while biomass burning and fossil 
fuel combustion equally impacted summertime concentrations (Slater et al., 2002).  
the
carbonaceous species in the Greenland atmosphere.  The quite limited information on 
atmospheric carbonaceous particulate matter on the Greenland Ice Sheet underlines the 
need for further research.  
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Although seasonality and correlations with sulfate were consistently observed among 
three studies measuring PAHs, one group noticed significant depletion (90%) of 
benzopyrene in a 3 meter snow pit and suggested that post-depositional processes may
alter the record of organics in snow (Jaffrezo et al., 1994).  
 
A major focus of recent research has been to better understand the linkage between 
atmospheric and snow-phase s
the 
 
pecies, investigating the major modes of deposition and 








transfer of atmospheric carbonaceous particulates to the snow pack, is unfortunately not 
as clear-cut as one would hope.  Although associated with perennial snow cover, the 
Greenland Ice Sheet is a desert climate with a low snow accumulation rate (~65 
year) that inconsistently varies with seasons (Dibb and Fahnestock, 2004).  In addition, 
there are several possible modes of deposition to the surface of the ice sheet – dry 
deposition and wet deposition by snow or fog.  While a modeling study found wet 
deposition to be the main mechanism (accounting for 98%) of depositing black carbon to 
surfaces globally (Jacobson, 2004), a previous study discerning deposition rates t
Greenland Ice Sheet for 134Cs and 137Cs from the Chernobyl disaster (Dp ~0.2 to 0.7 µm) 
calculated dry deposition to contribute 25-50% of the radioactive cesium measured 
during a relatively dry period of time (Davidson et al., 1987).  In addition, a past study o
atmospheric ions during a summer season on the Greenland Ice Sheet found fog and
deposition to contribute 13-32% and 5-23% of deposited ions, respectively (Bergin et 
1995).  Given the sparse precipitation over the Greenland Ice Sheet, intermittent 
summertime fogs that develop during stagnant conditions, and unknown compositi
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carbonaceous species reaching Greenland, it is difficult to predict the dominant air-to-
snow transfer mechanisms for carbonaceous species and in situ measurements are 
needed. 
   
After atmospheric carbonaceous species transfer to the ice sheet by wet or dry depositio
they are expected to concentrate in the quasi-liquid layer believed to exist at
interface (Cho et al., 2002; Jacobi et al., 2004).  Past studies reveal that, once in the sno
pack, carbonaceous species may be impacted by post-depositional air-to-snow 
partitioning and photochemical processes.  Gaseous organics may partition to the snow
surface and enhance snow-phase organic concentrations, although the science of organ
gas-to-snow partitioning is yet undeveloped.  Estimates of snow-vapor phase partitioning
coefficients have found that Henry’s law does not fit observed partitioning; rather, lin
free energy relationships provide a better fit (Roth et al., 2004).  In addition, partitioning 
n, 






oefficients for formaldehyde were found to vary at below freezing temperatures (-5 to    
-35 °C) (Burkhart et al., 2002).   Outside of temperature and pressure-dependent 
partitioning, other physical parameters that may be important are diffusion of gases 
through the firn pore space and snow grain metamorphosis.  The ice sheet structure is 
generally characterized into three zones, the uppermost convective zone (0 to 10s of cm 
in depth) where strong winds have been detected at 15 cm below the snow surface 
(Albert and Shultz, 2002), the diffusive zone located below and extending to the pore 
close-off depth (~50-110 meters below the surface), and finally the nondiffusive zone 
(Sowers et al., 1992).   In addition to the diffusion of gases through the snow pore space, 
snow grain size can potentially play an important role in air-to-snow partitioning.  Given 
c
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the assumption that organics reside primarily in a quasi-liquid layer on the surface of 
snow and ice grains, the growth of snow grains after deposition (Sowers et al., 1992) can
lead to lower overall surface area and potentially induce degassing from the snow.  A 
recent study in the Norwegian Arctic found a strong association between their 
concentrations of PCBs and organochlorine pesticides with snow density (Herbert e
2005).  It is likely that snow density change also impacts air-to-snow partitioning of 
organics in Greenland snow. 
 
t al., 
ght to determine whether snow-phase contaminants 
und
be occu ncentrations of organic gases 
(for l
above the snowpack (Dibb and Arsenault, 2002; Dibb et al., 1994; Hutterli et al., 1999; 
Jac  
detect and characterize the occurrence of photochemistry in snow and ice.  Shading 
xperiments on the Greenland Ice Sheet isolated sunlight as the driving force in 
enerating alkenes and ethyl iodide in the snow pack (Swanson et al., 2002).  Laboratory-
reated frozen mixtures of aromatics (notably at much higher concentrations than typical 
nvironmental conditions) were found to substantially degrade on the order of hours to 
ays at both the snow surface and at 10 cm below the snow on Spitsbergen Island, 
cated in the Arctic (Klan et al., 2003).  Laboratory studies have found that ambient 
ow can produce formaldehyde and acetaldehyde upon UV irradiation (Grannas et al., 
004) and that oxidation of aromatics mixed with hydrogen peroxide can occur at 
 
Numerous studies have recently sou
ergo post-depositional photochemical reactions.  The suggestion that photolysis may 
rring originated in the surprisingly high co
ma dehyde, formic acid, acetic acid) measured in the snow pore space and in the air 










temperatures of -20 to -180 °C ral studies have looked into 
e formation of the highly reactive hydroxyl radical in snow, a likely agent in photo-
ratory studies suggest that frozen hydrogen 
portion of the hydroxyl radical in snow (Chu 
nd Anastasio, 2005).  Field measurements during summertime at Summit, Greenland 
e 
-
te and water-soluble) degrade in sunlit surface snow on the 
c gases emerging from the snow pack.   
bonaceous particulate matter on the Greenland Ice Sheet is currently not 
well understood, with only limited measurements available for species entrapped in the 
snow and no direct measurements made of organic and elemental carbon in the 
atmosphere above the ice sheet.  Also, it is a current open question whether carbonaceous 
particulates are well-preserved after deposition to the snowpack, providing the 
opportunity for their use as tracers of atmospheric history in ice cores.   
 
 (Dolinova et al., 2006).  Seve
th
degradation of snow-phase organics.  Labo
peroxide photolysis produces a significant 
a
measured the hydroxyl radical at surprisingly high levels, comparable with 
concentrations observed in the tropical marine boundary layer (Sjostedt et al., 2007).  
With shallow e-folding depths (~ 4-11 cm) of actinic flux on the Greenland Ice Sheet 
(Galbavy et al., 2006), it is expected that photochemical reactions only occur near th
surface of the snow pack.  Given the apparent active photochemistry observed during 
sunlit conditions in the Arctic and in laboratory conditions, it is hypothesized that snow
phase organics (particula
Greenland Ice Sheet and produce a flux of organi
 
6.4 Research Objectives 
The nature of car
 75
To provide information on the levels and chemical stability of carbonaceous particulate 
ok 
remote Niwot Ridge in Colorado in the winter of 2006.  This area of Colorado was 
s in the 
ion 








matter on the Greenland Ice Sheet, two field campaigns to the Greenland Ice Sheet to
place in 2005 and 2006.  For comparison purposes, measurements were also taken at the 
selected for its distance from sources, high-elevation location (similar elevation as 
Summit, Greenland), long-lasting snow coverage, and for the likelihood that higher air 
and snow concentrations would exist and allow for additional analyses. 
 
The objectives of the study are to: 
1. Quantify the levels of carbonaceous particulate matter and related specie
air and snow on the Greenland Ice Sheet 
2. Determine whether carbonaceous particulate matter undergoes chemical alterat
after deposition to snow. 




CHAPTER 7: METHODS 
 
 
7.1 Field Sites and Sampling Overview 
 
7.1.1 Summit, Greenland 
 
Two field campaigns took place to measure carbonaceous particulate matter on the 
Greenland Ice Sheet.  The first was a short field mission during July 2005 to test our 
ability to measure carbonaceous species and also to provide samples for co-researchers at 
the University of Wisconsin-Madison.  The second campaign was an 8-week set of 
measurements from 29 May-20 July 2006, with simultaneous field sampling conducted 
y our sity of 
ew Hampshire.   
 
b project partners at the University of Wisconsin-Madison and the Univer
N
 
Sampling in the summers of 2005 and 2006 took place near Summit Camp, located at the
highest point of the Greenland Ice Sheet (72º N, 38º W, elevation 3200 m).  Figure 14 
provides a map of the Summit’s location on the ice sheet and Figure 15 is a photo of 
Summit, Camp. 
 





Figure 15. A view of Summit, Greenland taken from the Swiss Tower, located in the 
clean air sector.  To the left are the living quarters (yellow tents) and heated kitchen 
structure (“Big House”).  On the right side are the heated laboratory (“Green House”) an
various camp equipment.  A Twin Otter can be seen taking off in flight near the horizon 
on the right side of the photo.  
 
 
The 2005 set of field measurements were taken near the Swiss Tower as shown in Figur
16.  During 2005, the influence of camp activity was found to significantly impact the
atmospheric measurement of the particulate absorption coefficient.  A complete co






e 2006 campaign, sampling was moved to a satellite location about 1 km from the main 
camp
tmospheric filter measurements were controlled by a sector control system which cut off 
th
 and accessed during the sampling period by foot.  In addition, integrated 
a
sampling during low winds (<0.5 m/s) or during winds from the camp direction.  The 
sector control system included an anemometer, wind vane, and a datalogger linked to a 
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switched power strip.  The computer code loaded onto the sector control datalogger is 
provided in Appendix C. 
 
 








An overview of the various measurements made at Summit, Greenland during the 
pilot sampling trip and the more extensive 2006 field season is provided (Table 8).  The 
measured atmospheric species included filter-based measurement of particulate water-
insoluble organic carbon (WIOC), particulate elemental carbon (EC), and particula
water-soluble organic carbon (WSOC).  Optical measurements on the Greenland
Sheet included the absorption coefficient, calculated on a time basis of minutes to hours, 
and particle size-resolved number count measured every 1 minute.  The carbonaceou
particulate and water-soluble species were also measured in surface snow and in snow 
pits, along with major ions (Na+, K+, NH4+, Mg2+, Ca2+, Cl-, NO3-, SO42-), and water-
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isotopes (δ18O or δ2H).  The laboratory and field sampling procedures associated with 
these measurements are described in detail in sections 7.2 and 7.3. 
 
Table 8. Description of field sampling at Summit, Greenland 




Snow pit (3 m):WIOC, EC, WSOC, Snow X X 
major ions, isotopes (δ18O or δ2H) 
Daily surface snow: WIOC, EC Snow X X 
Hourly surface snow: WSOC Snow  X 
Distant snow pits (1 m): WIOC, EC Snow  X 
Absorption coefficient (σ ) Air X X 
Particle size and count Air  X 
ap








Field measurements took place at the University of Colorado Mountain Researc
“Soddie Site” on Niwot Ridge, Colorado during January 5-11, 2006.  The sampling site 
was located at coordinates 40º 02' 52'' N, 105º 34' 15'' W, elevation 3345 m and is show
in Figure 17.  The sampling site was located near the tree line and accessed by foot (~3 
mile trail and ~1500 vertical feet from base camp) during the sampling period.  During 
the site set-up and break-down (and at other times during the winter season), a diesel-
powered snow cat was driven to within 300 meters of the sampling site, with the 





Given the higher concentrations of particulate species in the air and snow at Niwot R
a greater variety of measu
Figure 17. Location of Niwot Ridge, Colorado field campaign (“Soddie Site”) 
 
idge, 
rement techniques were employed.  Additional measurements 
cluded snow-phase hydrophobic/hydrophilic WSOC and the atmospheric particulate 
scattering coefficient.  A summary of the measurements conducted during the 2 week 
field campaign is provided in Table 9.   
 
Table 9. Description of field sampling at Niwot Ridge, Colorado 
Sampling Snow/Air 
in
Snow pit (1 m):WIOC, EC, WSOC, hydrophilic/hydrophobic 
WSOC, major ions 
Snow 
Daily surface snow: WIOC, EC Snow 
Hourly surface snow: WSOC, hydrophilic/hydrophobic WSOC Snow 
Particulate absorption coefficient (σap) Air 
Particulate s ir 
Particle
Integrated filters: WIOC,WSOC, EC Air 
cattering coefficient (σsp) 





7.2 Field Sampling and Instrumentation 
 
7.2.1 Surface Snow Sampling 
In all field campaigns, surface snow (approximately the top 1-3 cm of snow) was 
collected at time increments ranging from 1– 24 hours.  On the Greenland Ice Sheet, each 
sample was collected at a distance approximately ½ km away from the satellite site, 
further into the clean air sector.  On the Niwot Ridge, surface snow samples were 
collected in a clearing surrounded by sporadic coniferous trees – unfortunately, 
conducting sampling at altitudes above the tree line was unfeasible.  Great care was taken 
to prevent contamination during all snow sampling.  Operators faced into the wind, 
moved progressively upwind during subsequent sampling, and wore low-particulate vinyl 
gloves for all sampling.  Snow samples were carefully collected using a glass scraper into 
250 mL (WSOC) and 1 L (WIOC and EC) Kaptclean  glass sample jars with Teflon-
lined plastic lids (Cole Parmer: EW-34605-70).  The glass scraper and sample jars were 
cleaned by rinsing in ultrapure DI water and heated to 550° C for 12 hours.  Lids were 




clean hood (Envirco Corp #10557).  Prior to sampling, laboratory tests were 
performed to determine the effectiveness of the cleaning and are provided in Appendix C.  
After cleaning, sample bottles were tightly capped, externally rinsed with DI water, dried 
in the laminar flow hood, and sealed in Ziploc bags.  Due to the high volume of carbon 
samples in the 2006 Greenland field campaign, sample jars were often recycled after in-
field analysis by rinsing in ultrapure deionized water in-field and drying face-down in a 
clean hood.  Laboratory tests found negligible carbon addition by the sample bottles. 
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7.2.2 Snow Pit Sampling 
Snow pits, ranging in depth from 1-3 meters, were dug and sampled at all field 
ampaigns to trace the recent history of deposited carbonaceous particulate matter.  Snow 
pits were dug by researchers wearing full clean room apparel, using DI-rinsed shovels 
and saw  was 
nd 
ples. 
e collected at increments of 5-10 cm, with replicate samples taken 
eriodically in each snow pit.  Given the large volume (5-10 L) needed for the 
ty 
til later laboratory 
processing and analysis. 
 
c
s that had no paint markings.  Snow pits were oriented so that the researcher
facing into the wind while sampling.  To prevent any contamination to samples by the 
digging process, a pre-cleaned glass scraper was used to scrape away ~5 cm of snow 
from the exposed face of the wall prior to sampling.  Samples were collected by pushing 
sample jars into the snow pit wall.  Samples for carbonaceous species were collected in 
precleaned glass jars, with the cleaning process for these samples described above in 
section 7.2.1.  Snow pit ion samples were collected in pre-cleaned HDPE bottles a
isotope (δ18O or δ2H) sample volumes (20 mL) were aliquotted from WIOC/EC sam
 
Snow pit samples wer
p
carbonaceous particulate measurement, duplicates were collected by alternating 
collection of 1 L samples across the snow pit face to avoid issues with spatial variabili
in concentration.  An image of a snow pit collected at Summit, Greenland is provided 
below (Figure 18).  After sampling, snow-filled sample jars were immediately packed 
into insulated boxes and kept at a below-freezing temperature un
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Figure 18. Sampling a 1 meter snow pit located 20 km south of  Summit, 
Greenland in 2006.  On the right side of the pit are depth markers (10 cm). 
 
 
7.2.3 Atmospheric Sampling 
) and 
al-time sampling of particulate optical properties.  Integrated samples for the 
proximate 3.0 µm D50 size cut was performed using a PM2.5 cyclone rated for 16.7 
m (URG-2000-30EH).  In Greenland (Summer 2006 only), filter samples were 
ollected at a mass flow rate of 18.1 lpm downwind of 16.7 PM2.5 cyclones, yielding an 
pproximate 2.3 µm D50 size cut.  In both Colorado and Greenland, field blanks were 
Atmospheric samples included integrated filter samples (24-80 hours of run time
re
measurement of particulate elemental and organic carbon (EC, WIOC, WSOC) were 
collected on 25 mm quartz fiber filters (Pall Corp: #2500 QAT-UP, 25 mm) in stainless 
steel filter holders (Pall Corp: #1209).  In Colorado, filter samples had mass flow rates of 
13.1 lpm measured with a NIST traceable dry gas meter (ID #C-0701), with the nominal 






taken by loading a sample filter into a filter holder, unloading, and analyzing alongside 
e ambient samples.   
ptical atmospheric measurements included particulate absorption (σap) using a Particle 
icle size-resolved number count using a 
ASAIR optical particle counter.  Additionally, the higher atmospheric particulate 






Soot Absorption Photometer (PSAP), and part
L
concentrations at Niw
(σsp) via a nephelometer.  To remove moisture prior to sampling in the nephelometer, the 
incoming sample air stream passed through a membrane-lined tube with an opposing air 
flow of low relative humidity (stripped of moisture by passing the air through a silica
column).  A view of the optical instrumentation set-up for the Niwot Ridge campaign is
provided in Figure 19.  
 
 
campaign, including LASAIR (top), PSAP (below LASAIR), nephelometer 
Figure 19. Instrumentation used during the Niwot Ridge, Colorado field 
(bottom left), and computer datalogger (bottom center). 
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The operation of the LASAIR and nephelometer is via laser-beam scattering of airborne
particles, producing essentially instantaneous measurements that are reported as 1-minu




 limit for measuring ambient particulate samples and thus could 
ng 
 of 
e size bin and a particle density of 1 g cm-3.  The calculation is provided below and a 
it has a higher detection
not be used on the Greenland Ice Sheet.  The PSAP, however, operates by accumulati
particles on a filter and calculating absorption from a gradual laser (λ = 565 nm) 
transmittance drop with time.  Thus, the PSAP collection mechanism can allow for 
variable time periods of measurement and is suitable for measurement on the pristine 
Greenland Ice Sheet. 
 
The LASAIR instrument measures particle number concentration in a series of size bins: 
0.1-0.2 µm, 0.2-0.3 µm, 0.3-0.4 µm, 0.4-0.5 µm, 0.5-0.7 µm, 0.7-1.0 µm, and 1.0-2.0 
µm.  This data was used to approximate PM0.1-1.0, assuming a diameter at the midpoint
th












  for bins (i) covering 0.1 – 1.0 µm, ρ3 i 
ce Sheet, 
p is particle density, C
is the number count, Q is the flow rate, and t is the sample time interval. 
 
Given the low particulate concentrations at Niwot Ridge and on the Greenland I
σap was calculated on a varying time increment (minutes to hours) based on requiring a 
transmittance drop of 0.003.   The transmittance drop requirement was set to balance the 
desire for high-frequency samples and avoid erroneous measurements from instrument 
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noise.  Calculation of the absorption coefficient is as follows and the associated comput
code is provided in Appendix C, including an empirical manufacturer calibration found 






































where A is the impacted filter area, Q is the flow rate, ti is the time period of the sample 






For optical measurements conducted on the Greenland Ice Sheet in 2006, an additional 
program was developed to filter out time periods flagged for camp contamination by the 
ol system.  The computer code used to filter the LASAIR and PSAP datasets 
is also provided in Appendix C.  Camp contamination was not a concern at Niwot Ridge, 







7.3 Laboratory Analyses 
 
7.3.1 Snow Samples 
Collection of particulate WIOC and EC was performed by melting and weighing 10 L of 
filters and drying in pre-fired aluminum-




ontamination due to handling was investigated by collecting frequent laboratory blanks, 
hich involved placing a quartz fiber filter on the filtration flask, rinsing with 50 mL of 
ltrapure water, then allowing to dry alongside ambient samples in the clean hood.  To 
nsure the analyzer’s accuracy, sucrose standards were regularly run at concentrations 
om 5.0 µgC cm-2 to 25 µgC cm-2, covering the range measured in the snow samples.  
snow, followed by filtering through quartz fiber 
nominal pore size of 700 nm, liquid-filtration particle collection efficiencies of 95% or 
higher have been previously reported (Ducret and Cachier, 1992; Lavanchy et al., 1999), 
explained by the tortuous pathway through the filter media.  Lavanchy et al. (1999) used 
a gravimetric approach to observe the collection efficiency, while Ducret and Cachier 
(1992) measured particles collected on a 100 nm filter after passing water samples 
through a quartz fiber filter.  Thus, it can be roughly estimated that the quartz fiber filters 
capture 95% of particles greater than 100 nm, while the collection-efficiency of smaller 
particles is currently unknown.  After filtration, all filter samples were kept at below-
freezing temperatures until later analysis at the Georgia Institute of Technology.  WIOC
and EC were quantified using a Sunset Laboratory carbon analyzer following the NIO








WSOC samples were melted and measured using a Sievers 900 UV-oxidation-based 
arbon analyzer with an in-line quartz fiber filter as the operationally-defined split 
etween WSOC and WIOC.  Reliable detection of very low levels of WSOC (<40 µg C   
g-1) was achieved by preacidying samples using phosphoric acid (~20 µl, 85% H3PO4) 
to lessen the potentially interf
erformed prior to analysis to determine no additional background WSOC was added by 
ption on the preacidification process, please 
refer to Appendix C.  In addition, WSOC standards (potassium hydrogen phthalate, 100 – 
300 µg C kg-1) were routinely run to monitor the performance of the carbon analyzer. 
 
Additional WSOC analysis for the Niwot Ridge snow samples included measuring the 
hydrophobic/hydrophilic fractions via XAD-8 column separation.  This technique was 
recently developed to study atmospheric particulate WSOC and has been described in 
WSOC fractions are determined by passing a melted and filtered snow sample through an 
XAD-8 column at a pH of 2 (with HCl added prior to column extraction), with 
and quantified using the Sievers 900 carbon analyzer.  The hydrophilic portion of WSOC 






ering signal of inorganic carbon.  Laboratory tests were 
p
the pre-acidification step.  For further descri
recent literature (Sullivan and Weber, 2006a).  Briefly, the hydrophobic/hydrophilic 
hydrophilic WSOC defined as the fraction of WSOC that penetrates the XAD-8 column 
appears to include short-chained (<4-5 carbon atoms) c
acids, amines, and saccharides, while the hydrophobic portion contains longer-chaine
(>3-4 carbon atoms) carbonyls and aliphatic carboxylic acids, aromatic acids, phenols, 
organic nitrates, and cyclic acids (Sullivan and Weber, 2006a).  While hydrophobic bases 
also appear to penetrate the XAD-8 resin and are quantified as hydrophilic WSOC, past
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research has suggested the contribution of hydrophobic bases is <1% for atmospheric 
aerosols (Sullivan and Weber, 2006b). 
 
Major ions (Na+, K+, NH4+, Mg2+, Ca2+, Cl-, NO3-, SO42-) were measured at the 
University of New Hampshire by ion chromatography.  Isotopes of water used for dating 
(δ18O or δ2H) were measured at the University of Washington by mass spectrometry with 
Cr reduction of H2O.  Water-isotopes in the environment include a combination of the 
isotopes of their individual elements, including 16O (99.76%), 17O (0.04%), 18O (0.2%), 
1H (99.98%), and 2H/deuterium (0.16%).  After evaporation, water vapor will condense 
to form precipitation, with higher enrichment in heavier isotopes (18O, 2H) occurring at 
warmer temperatures.  Thus, paleoclimatology can use ratios of water-isotopes in snow 
and ice as a proxy for temperature and is a common method used in dating ice cores.  














































































7.3.2 Integ ted Filter Samples 
tmospheric filter samples were analyzed for particulate WIOC and EC using a Sunset 
arbon Ana zer, using the thermal/optical transmittance technique (Birch and Cary, 
996).  Fo  number of atmospheric filters, the extremely low EC concentrations 
ing two filter punches in the Sunset Carbon Analyzer to achieve 
detecta e m ss.  Prior tests were conducted to ensure that this would give accurate 
results and are provided in Appendix C.  In addition, WSOC was quantified by placing a 
filter punch into 10 mL of ultrapure water, sonicating for 40 minutes, and then analyzing 
on the Sievers 900 carbon analyzer with an in-line quartz fiber filter.  Given that the 
WSOC concentrations were high (>150 µg C kg-1), pre-acidification using phosphoric 
acid was unnecessary and this step was not used in analysis.  Field blanks were also 


















d ong with the am
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CHAPTER 8: RESULTS AND DISCUSSION 
 
8.1 Foreword 
This section describes results from the 2006 field campaigns to the Greenland Ice Sheet 
(sections 8.2-8.4) and Niwot Ridge, Colorado (section 8.5).  The 2005 field campaign to 
Summit, Greenland was a short-term pilot study to develop our measurement techniques
Results from the 2005 field campaign were used to initially assess th
 
.  
e importance of 
amp impact on atmospheric measurements of carbonaceous particulate matter 
8.2.1 Concentrations and Dating of Snow Pit Samples 
Concentrations of particulate and water-soluble carbonaceous species in the 3-meter 
snow pit are shown in Figure 20, with δ H, calcium (Ca ), potassium (K ), and sulfate 
(SO4 ) also provided for reference.  Past summer layers are shaded in Figure 20 and were 
estimated by the seasonal temperature-dependent fluctuations in δ H (Figure 20d) and 
using Ca  (Figure 20e) as a known springtime marker (Dibb et al., 2007).  However, 




(Appendix C) and to determine the expected concentration range of snow-phase 
carbonaceous species.  Snow-phase results from the 2005 field campaign are provided in 
Appendix D.   
 





isolating the 2005 summer period was challe
additional calculation of a secondary summer marker, the ratio of Cl-/Na+, was perform
(shown in Appendix D) and, using all three data sets, the layer 50-70 cm was isolat



















































































Figure 20. 3-meter snow pit profiles of elemental carbon(a), water-insoluble 
organic carbon(b), water-soluble organic carbon(c), deuterium ratio(d), calcium


















Given the large sampling increments (10 cm) in the snow pit, the past summer months 
can not be as precisely isolated as with smaller-increment sampling (e.g. 3 cm), a 
limitation imposed by the large volume of snow required to measure particulate 
carbonaceous species.  Thus, the isolated past summer layers do not represent a precise
series of days, but rather isolate a snow layer that appears to have deposited during pa
summer months (May to August).  Past summer layers selected were 50-70 cm (2005), 
140-160 cm (2004), 190-210 cm (2003), a
 
st 
nd 270-290 cm (2002).   
 
IOC) were detectable 
(<0.01 µg cm ).  Thus, blank-correction was only performed for WIOC, with variability 
in the blanks adding minor uncertainty compared to the average snow pit sample loading 
of 7.4 µg cm  filter area.  From 5-300 cm in depth, approximate 4-year average WIOC 
and EC concentrations were 4.6 µg kg-1 snow (range 1.7-10.7 µg kg-1) and 0.4 µg kg-1 
(range 0.1-1.4 µg kg-1), respectively.     
 
Particulate elemental (EC) and water-insoluble organic carbon (W
at all levels of the 3-meter snow pit as shown in Figure 20a-b.  Duplicates at 50, 100, 150, 
200, and 250 cm had an average difference of 2.1 µg kg-1 for WIOC and 0.20 µg kg-1 for 
EC.  Numerous field blanks (quartz fiber filters placed in the filtration apparatus, rinsed 
with 50 mL of ultrapure water, and allowed to dry alongside the sample filters) were 
found to have detectable WIOC (1.1 ± 0.49 µg cm2 filter area) but no measurable EC 
2
2
8.2.2 Comparison With Past Measurements 
To our knowledge, no previous measurements of EC and WIOC on the Greenland Ice
Sheet have been made using the same analytical procedure, which prevents direct 
comparison.  A rough comparison with past optical measurements of black carbon (BC) 
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in recent snow on the Greenland Ice Sheet puts our measured EC concentrations on the
lower end of previously measured BC of 1-4 µg kg
 
nd 





although direct comparison is again difficult due to different analytical techniques. 
 
Water-soluble organic carbon in the 3-meter snow pit is shown in Figure 20c.  Prior 
analysis of spatial variability in snow concentrations, taking 4 sets of 5 co-located 
samples, determined a relatively constant standard deviation of 24 µg kg for sample sets 
averaging 88-112 µg kg .  The variability in side-by-side measurements is expected to be 
lower for snow pit replicates in comparison to surface snow, given the higher likelihood 
of human error in collecting homogenous surface snow layers.  Based upon this, two 
layers (180-190 cm, 230-240 cm) of the 3-meter pit were flagged for contamination 
concerns and removed from analysis due to duplicate differences exceeding 2σ (48 µg 
kg-1).  Excluding these two layers, the 5 cm-300 cm average WSOC concentration was 
found to be 40.5 µg kg-1 (ranging 18.3-84.9 µg kg-1) and duplicates at approximately 
-1 in 1988-1989 snow (Cachier a
P
Comparison with previously measured EC by an alternative thermal method finds o
levels well below reported values of 4.2-30.1 µg kg-1 in 1994-1996 snow, although the 
authors mention that possible artifacts in their analysis may have induced the highe
observed concentrations (Slater et al., 2002).  Very limited measurements are availab
for comparison with WIOC, including a solitary measurement of 78 µg kg-1 for su
snow at Summit in 2001 (Grannas et al., 2004) and total particulate carbon (including 
BC) measured by coulometric analysis of 18-35 µg kg-1 in 1988-1989 snow (Cachier and 




every layer had an average difference of 7.9 µg kg-1.   This WSOC observed range is on 
the lower end of 30-320 µg kg-1 reported using a similar analytical process for a 2.3 m 
snow pit in 1984 near Dye 3, Greenland (Twickler et al., 1986), the difference in location 
d time likely playing a major role in the dissimilarit asured WSOC.  A ch 
 ( g ua  a S urf le 
 a differenc nalyt ethod  the la ultip asurem
son (Grann l., 20
.2.3 Trends Observed in Snow Pit Carbonaceous Species 
As seen in Figure 20, all carbonaceous species appear to oscillate seasonally, with higher 
levels observed in the late-spring or summer and lowest levels in the winter.  Sulfate and 
potassium (Figures 20f and 20g) have similar spring/summer maxima, which may be a 
ely high 
pared with typical atmospheric carbonaceous particulate 
an y of me  mu
higher level of WSOC ~480 µg k -1) was q ntified in ummit s ace samp in 
2001, although e in a ical m s and ck of m le me ents 
limits compari as et a 04). 
8
combination of meteorology and source types (biomass burning and fossil fuel 
combustion) related to the carbonaceous species.  An observed prominent summer 
maximum in EC in 2004 is likely linked to emissions from major forest fires in Alaska 
and Canada (Stohl et al., 2006).   Potassium, a common indicator of biomass burning, is 
also seen to have maximum snow pit concentrations during this period.  Averaging over 
the buried snow pit layers (5-300 cm, with layers 180 cm and 230 cm excluded), it 
appears WSOC makes up the vast majority (88%) of carbonaceous species in Greenland 
Snow, with substantially lower fractions in WIOC (11%) and EC (1%).  The particulate-
phase ratio of WIOC/EC (11:1) is similar to atmospheric particulate OC/EC ratios at 
background sites in the Northern Hemisphere (Carrico et al., 2003a; Lee et al., 2001; 
Tanner et al., 2004).  However, adding the WSOC fraction leads to an extrem
ratio of total OC/EC (99:1) com
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matter.  These results suggest either the oxidation of EC (which is usually considered 
inert) or, possibly, that gaseous organics are a source of OC in Greenland snow.   
In order to determine whether buried snow pit layers are representative of surface 
deposition, previous summer layers (50-70 cm, 140-160 cm, 190-210 cm, and 270-290 
cm) were selected for approximate comparison with surface snow collected daily 
throughout the summer campaign.  As shown in Table 10, WSOC and WIOC are at 
higher concentrations in the surface layer than in lower layers, with past summer 
concentrations averaging 56% and 59% lower than the surface, respectively.  In contrast, 
the buried summer layers have average EC only 10% lower than the 2006 summer snow.  
Assuming EC is conserved after deposition and acts as a tracer for the original levels 
WSOC and WIOC, an EC-corrected loss of ~46-49% can be estimated for the organic 
fraction after deposition.  It is interesting that while the concentration of EC in 2004 is 
more than double its 2006 surface snow level, WSOC and WIOC in 2004 are still 
substantially lower than their 2006 average.  Assuming biomass-burning emissions in the 
summer of 2004 were the major source of the buried EC (Stohl et al., 2006), one would 
expect similarly high OC levels in the 2004 snow; thus, it appears there was a substantial 
higher ratios-to-surface relative to WSOC and WIOC in 2002, 2004, and 2005, year 2003 
2003 also has the lowest EC concentrations (all er ghe
this rvatio ai nt com  of sources ting 
carbonaceous particulate matte reenl heet in 2 xamp
 
loss in the particulate and water-soluble OC record.  However, while EC is at consistently 
stands out as an exception with all three species within similar ratio range.  Given that 
other years are ov a factor of 2 hi r), 
 obse n may be expl ned by a differe bination impac
r reaching the G and Ice S 003.  For e le, 
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air masses reaching Summit may have contained carbonaceous particulate matter mainly 
m high OC/low EC sources, such as the gas-to-particle conversion of plant emissions.   
 
Table 10. Comparison of surface snow with buried summer snow layers 















Surface (5/30-7/20/06) 111.1 1.00  11.9 1.00  0.60 1.00  
Summer 2005 56.9 0.51  3.1 0.26  0.39 0.64  
Summer 2004 41.6 0.37  8.4 0.71  1.21 2.02  
Summer 2003 40.3 0.36  3.5 0.29  0.16 0.26  
Summer 2002 56.4 0.51  4.4 0.37  0.41 0.69  
 
 
Given the higher frequency (every 4-6 hours) surface snow sampling for WSOC that took 
place from 12 June to 20 July 2006, it is possible to compare average daily 
ximum/minimum concentrations with buried summer layers to provide upper and 
lower estimates of loss.  Average daily maximum (129.8 µg kg-1) and minimum (72.6 µg 
kg-1) surface WSOC concentrations for this period correlate to an average WSOC 
difference in the buried summer layers of 62% (52% EC-corrected) and 33% (23% EC-
corrected), respectively.  Since the relative contribution of wet and dry deposition to 
snow for WSOC has yet to be explored, the daily maximum can be considered as either 
fresh deposition prior to degradation and/or the upper end of a temperature-dependent 
ycle.  The fact that the average daily minimu  WSOC is significantly higher than aged 
ma
cycle.  Similarly, the averaged daily minimum WSOC can be understood as either 
partially or fully-degraded WSOC and/or the lower end of a temperature-dependent 
c m
summer layers implies that post-depositional processes, such as photochemical reactions, 
lay a role in depleting organics in the snow pack. p
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8.3 Time Series of Organic and Elemental Carbon on the Greenland Ice Sheet 
 
8.3.1 Atmospheric Concentrations and Transport 
A summary of atmospheric OC, EC, WSOC, σ  is provided in Table 11, 
with a time series representing over 50 days of sampling shown in Figure 21.  Additional 
estimated origin of the sampled air mass as determined by clustering of 10-day back-
trajectories.  Isobaric 10-day back-trajectories were calculated for each sampling day and 
clustered with the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 
model (Draxler and Rolph, 2003) using FNL reanalysis data of the NCEP/GDAS 
sampling days were fit to four clusters, with the clustered mean trajectories shown in 
Figure 22.  The majority (71%) of sampling days had 10-day trajectories constrained to 
the area near the Greenland Ice Sheet (cluster 2) or from the northeastern part of North 
America (cluster 1), with only a few sampling days represented by longer trajectories  
agree with prior results from a long-term analysis of 10-day back-trajectories reaching 
Summit, Greenland that observed summertime trajectories to have generally shorter paths 
and a large fraction (46%) to originate over North America (Kahl et al., 1997). 
able 11. Concentrations of atmospheric species at Summit, Greenland during Summer 2006 
ap, and PM0.1-1.0
information provided in Figure 21 includes plots of particle number concentration and the 
meteorological model output.  With the exception of one day (10 June 2006), all 
arriving from over Alaska (cluster 3) or the Asian continent (cluster 4).  Our findings 
 
T
Species Sampling Dates Averaging period Concentration Units 
OC filter collection 27 May-20 July 80 hours 63 ± 28 ng m-3
EC filter collection 27 May-20 July 80 hours 8 ± 5
PM
 ng m-3
WSOC filter collection 27 May-20 July 80 hours 55 ± 29 ng m-3
g m-3
σap PSAP 28 May-18 July minutes to hours 0.15 ± 0.13 Mm
-1













Figure 21.  A time series of particulate measurements in the atmosphere of Summit, 
reenland during Summer 2006, including carbonaceous particulate matter (a) the 
absorption coefficient (b), number concentration (c), PM0.1-1.0 (d), and each sampling 
 
G
day’s associated back-trajectory cluster (e). 
 100
 
Figure 22.  Mean clustered 10-day back trajectories for 28 May 2006 – 19 July 200
Each cluster contains a varying number of sampling days, with 27% of the days i
#1, 54% in cluster #2, 15% in cluster #3, and 4% in cluster #4.   
6. 
n cluster 
Filter-based concentrations during the first four measurement periods (representing 27 
May 2006 to 18 June 1006) were high enough to allow for duplicate measurement of OC 
and EC.  Duplicates were found to be very close for OC (averaging 8 ng m  or 11%) but 
had higher difference for EC (averaging 4 ng m  or 36%).  Given that OC makes up the 
majority (~90%) of the particulate carbon mass measured at Summit, a small difference 
in the analytical split point between OC and EC for two duplicates results in a magnified 
change in EC.  WSOC duplicates were found to be within close range (averaging 1 ng   
m  or 2%), although variability in blanks contributes to higher uncertainty (2-3 ng m  or 
contributing 2-17% uncertainty dependent on the sample concentration).  WSOC 
constitutes a large fraction of the particulate OC (Figure 21a).  While the fifth sampling 







atmospheric samples, the WSOC/OC fraction is far greater than 1.0 and outside of the 
uncertainty estimated in the measurement.  It is expected that there may have been either 
an underestimation of OC or overestimation of WSOC, with WSOC contamination also a 
possible issue for this sample.  Excluding this time period, it is seen that WSOC 
constitutes, on average, 81±19% of OC in Summit carbonaceous particulate matter.  For 
the first three periods, where WSOC and OC were measured directly from the same filter 
and duplicates were available, WSOC/OC has an even higher average of 0.89 
(WSOC/OC duplicates ranging 0.84-0.99 throughout the three periods).    
o our knowledge, no prior Summit data is available to directly compare with our 
measured levels of atmospheric particulate OC, WSOC, and EC.  However, 
de using the same collection and analytical methods are available for 
other locations in the Northern Hemisphere and may add perspective to our results.  The 
OC, WSOC, and EC values determined for Summit, Greenland were much less than the 
211 ng m-3, 123 ng m-3, and 20 ng m-3, respectively, observed using identical 
measurement techniques at a remote high altitude (3345 m) site in the Colorado Rocky 
Mountains in January, 2006.  Given the high altitude location of both Summit, Greenland 
and Niwot Ridge, Colorado, these concentrations likely represent the free troposphere.  In 
addition to the absolute concentration comparison, the WSOC/OC ratio in Colorado is 
0.52 on average, much lower than average WSOC/OC observed at Summit, Greenland.  
The WSOC/OC at Summit, Greenland was also much higher than past measurements 
reported in urban areas, such as Tokyo, Japan (monthly average WSOC/OC of 0.20-0.35) 





(Sullivan et al., 2004), both studies which used similar analytical techniques as this st
although modified for higher frequency sampling.  The substantially higher WSOC/OC 
observed at Summit, Greenland suggests the oxidation o
udy 
f primary organic carbon aerosol 
uring transport and/or the significant contribution of secondary organic aerosol to 
particulate carbon mass.   This result also suggests that water-based collection of WSOC 
(such as a mist-chamber or Particle-Into-Liquid Sampler) would be well-suited for the 
study of OC on the Greenland Ice Sheet.   
 
Atmospheric OC and EC appear to be very highly correlated (r = 0.94), indicating 
common sources and/or source locations (Figure 23).  Although well-correlated, the 
OC/EC ratio appears to have a wide range (6.4-16.2, average = 10), with generally higher 
ratios a on and 
highly water-soluble OC point





t lower EC concentrations.  While the combination of high OC-EC correlati
s to processed combustion emissions, the inconsistent 
OC/EC ratio suggests that the nature
secondary organic aerosol formation likely varied throughout the summer.  Only limited 
past research adds to our understanding of the nature of atmospheric particulate 
Summit.  One study described secondary particulate OC at Summit during a Canadian 
biomass burning event in 1994, reporting enhanced levels of particulate carboxy
Summit relative to that of fresh biomass burning emissions (Dibb et al., 1996).  
Additionally, while gas/particle partitioning appeared to occur on an hourly basis 
concurrent with our atmospheric sampling (Anderson et al., 2007), the high correlation 
between OC and EC suggests that the multiday integrated filter samples appea
preserve the broader signal of emissions transported to the Greenland Ice Sheet. 
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After averaging σap over the extended filtering time periods, an extremely high 
correlation was observed between the σap and EC (r = 0.95) (Figure 24).  Dividing 
average σap by average EC results in an average estimated mass absorption cross-section 
ap) of 24 m2 g-1.  Equivalently, assuming a black carbon (BC) absorption cross-section 
a 
ique used to 
(E
of 10 m2 g-1 (λ = 565 nm) leads to BC/EC slope of 2.4.   Estimated Eap at Summit, 
Greenland is similar to the 18.3 m2 g-1 found in Atlanta, Georgia using identical 
measurement techniques (Carrico et al., 2003b).  However, as observed in the Atlant
study (Carrico et al., 2003b) and described in a recent review of light absorbing carbon 
(Bond and Bergstrom, 2006), the estimation of Eap varies depending the techn
estimate EC mass.  In addition, it is possible that other absorbing species besides EC, 









Figure 24. Relationship between atmospheric elemental carbon (EC) and the absorption 
coefficient (σap). 
seen in Figure 21, the time period of June 13-14 stands out for the significant 
sustained increase observed in every measured aerosol property.  During the filter 
sampling period covering most of this episode (June 13-18), OC and EC are higher than 
their summertime averages by 87% and 113%, respectively.  Given that the integrated  
filter sampling did not perfectly line up with the high concentration episode, this is likely 
e at 197% and 290% higher than their summertime 
averages, respectively.  Given that EC and σap were seen to greatly increase, it is 
expected that some form of combustion emissions were transported to Summit, 
Greenland.  The air mass pathways are displayed in Figure 25, with HYSPLIT-calculated 
trajectories displayed starting every 12 hours.  It appears that the air mass tracked a path 
from northern Alaska/western Canada.   Fire records from Canada (Canadian Forest 
 
As 
an underestimate of the actual increase.  The higher frequency measurement of σap and 
PM0.1-1.0 found levels during 13-14 Jun
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Service, 2006) indicate that active fires (155,000 acres) were occurring during the time 
period when back-trajectories passed over the region.    
 
 
Figure 25. 10-day back-trajectories and pressure altitude (hPa) during the  
high particulate matter concentrations observed on June 13  and 14 , 200
 
8.3.2 Surface Snow Concentrations
The average surface snow concentrations of water-soluble organic carbon (WSOC
water-insoluble organic carbon (WIOC), and elemental carbon (EC) have been 
previously discussed to compare with a 3 meter snow pit (section 8.2) and are provide
Table 12 for reference.  In addition, a time series of the measured surface snow 
concentrations are presented in Figure 26, as well as precipitation (snowfall and fog) as 
noted during each of our snow sample collections and including weather l gs from 
science technicians at the research site.  On average, duplicates (N = 18) for WIOC and
EC in the surface snow were within 40% (3.5 µg kg





-1) and 36% (0.1 µg kg-1), 
respectively.  The more frequent collection of duplicates (N = 216) for WSOC had an 
average agreement of 34% (29.1 µg kg-1).  The agreement between surface snow 
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duplicates is less than what was observed in the 3 meter snow pit (section 8.2), likely d
to the greater difficulty in collecting a uniform surface snow layer.   
 
Concentrations of all snow-phase carbonaceous species (WSOC, WIOC, and EC) are 
observed to vary throughout the summer, with precipitation events appearing to occur 
either immediately prior or during spikes in concentrations (Figure 26).  Unlike the 
ue 






on spike in surface snow 
oncentrations.  As discussed in a model developed to link atmospheric and snow 
 
p
13-14, WSOC, WIOC, and EC are found to have their individual maximum 
concentrations roughly a week prior.  For high WIOC and EC concentrations occurring 
on June 2nd and June 8th, it is interesting to note that fog appears to be the dominant w
deposition mechanism.  Surface snow WSOC also appears to have concentration spike
associated with fogs, with major increases on June 12th and June 18th occurring af
isolated fog episodes (i.e. no snowfall had occurred for several days).  Previous research 
has also found fog-based deposition to be important in the flux of ions to the Greenland
Ice Sheet (Bergin et al., 1995).    
 
Snowfall, in isolation from fog episodes, also appears to contribute to higher surface 
snow concentrations, such as on June 2nd (WIOC, EC), June 15th (WSOC, WIOC), Ju
4th (EC), and July 15th (WSOC).  However, it should be noted that the occurrence of 
snowfall or fog does not always lead to a concentrati
c
concentrations of aerosol species (Bergin et al., 1995), a number of factors impact the wet
deposition flux of particulate species to snow, including the current atmospheric 
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particulate matter concentration and the properties of each snow/fog event (scavenging 
ratio, duration, intensity, and atmospheric height).   
 
Table 12. Concentrations of snow-phase species at Summit, Greenland during Summer
Species Measurement Dates Frequency Concentration Units 
 2006 
WSOC UV-oxidation 31 May-20 July 4-24 hours 111.1 ± 45.5 µg kg-1
WIOC Thermal/optical 29 May-20 July 24 hours 11.9 ± 7.1 µg kg-1









Figure 26. A time series of snow-phase water-soluble organic carbon (a), water-insoluble 
organic carbon (b), and elemental carbon (c).  Observations of snow (triangle markers) 
and fog (dash markers) are indicated.  
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Given the small snow volume (250 mL) needed for WSOC measurement, higher 
frequency (every 4-6 hours) WSOC sampling was consistently performed starting 12 
June 2006 and provides information on concentration changes on a shorter time basis.   
One major observation is that WSOC concentrations did appear to vary on a 4-6 hour 
time basis (Figure 26).  In addition, precipitation events (in particular, fog) mostly 
occurred during the coldest part of the day (approximately between 23:00 – 06:00 local 
time) and led to frequent WSOC spikes in the early morning.  For example, on July 15-
-1 th
uly 16th), and then dropping to 90 µg kg-1 by 17:00 (July 16th).  If 
on of ~100 µg kg-1 (>100% increase and drop off) 
s (~34% or 
-1 -1 eal 
d that 
et 
16, WSOC was measured to be 95 µg kg at 17:00 (July 15 ), rising to a maximum of 
95 µg kg-1 at 05:00 (J1
measuring only at 17:00, an undulati
would have been missed.  Considering the variability among WSOC duplicate
29 µg kg ), this ~100 µg kg concentration increase/decrease appears to represent a r
concentration change that occurred on a sub-24 hour time basis. 
 
As pointed out in the analysis of a 3 meter snow pit (section 8.2), there is a likelihoo
the surface snow WIOC and WSOC concentrations measured are influenced by 
photochemical processes.  In addition, temperature-dependent air-snow partitioning may 
also play a substantial role in modifying snow-phase concentrations of organics, 
particularly that of WSOC.  Given that precipitation events often coincide with low 
temperatures, it is difficult to separate the ensuing decrease of concentrations by 
photochemical degradation and temperature-dependent partitioning.  One simple 
comparison would be to look at several days with and without the occurrence of w
deposition.  Looking at the sampling period with continuous 4-hour sampling (27 June 
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2006 – 20 July 2006), a 24-hour dry period occurred over 17:00 July 2nd - 17:00 July 3rd.  
WSOC was found to oscillate from a minimum of 48 µg kg-1 to 82 µg kg-1 (difference 
40 µg kg
of 
 µg kg-1 to a maximum of 136 µg 
g-1 (difference of 46 µg kg-1).  Finally, the longest stretch of time with no precipitation 
f 
n-linked concentration spikes may 
rovide insight into the impact of post-depositional processes.  For example, an evening 
he 
ine 
-1).  Another 24-hour period without precipitation was 17:00 July 13th - 17:00 
July 14th, where WSOC varied from a minimum of 90
k
took place during 05:00 July 17th - 17:00 July 18th, where snow concentrations ranged 
from 57 to 99 µg kg-1 (difference of 42 µg kg-1).  For all periods of time, no consistent 
diurnal pattern in WSOC concentration was observed.  Given that some concentration 
change may be due to spatial variability in surface snow concentrations and our ability to 
precisely collect the identical layer of surface snow (i.e. WSOC duplicate difference o
29.1 µg kg-1), it is suggested that the average value of ±43 µg kg-1 is an upper limit on the 
impact of air-snow temperature-dependent partitioning on WSOC concentrations.   
 
Looking in detail at a few days with precipitatio
p
fog occurred on June 25th, with maximum surface snow concentrations (211 µg kg-1) 
observed following the fog event and then dropping by 40% to 127 µg kg-1 within the 
following 8 hours.  Another example is July 15th, which had a maximum WSOC 
concentration after snowfall of 195 µg kg-1 and then fell by 54% to 90 µg kg-1 within t
next 8 hours.  That the change in concentration for both days was significantly greater 
than 43 µg kg-1 points to a factor outside of temperature-dependent air-snow partitioning 
causing a net loss in surface snow concentrations.  At this point it is difficult to determ
whether the greater loss is due to outgassing of freshly deposited snow/fog or linked to 
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post-depositional processes, such as photolysis.  This supports our 3-meter snow pit 
analysis, which found substantial loss of organic carbon in the snowpack record (section 
8.2), but the time scale of this loss is yet uncertain.  
 
In addition to the apparent net loss of organic compounds from the snow pack, it may be 
possible that photochemical processes may cause a transfer of organic mass from WSOC 
 WIOC or vice versa.  To investigate the possible transfer between carbon fractions, 24-
our concentration change was calculated for WSOC and WIOC for each sampling day 
ncy, 
nly samples taken at 17:00 (simultaneous with WIOC samples) were included in this 
analysis.  Plotted in Figure 27, it can be seen that the majority of cases fall into the first 
(positive ∆WSOC, positive ∆WIOC) and third quadrant (negative ∆WSOC, negative 
∆WIOC).  Only a small number of cases (9 out of 39 data points) appear to fit the case 
where there is an opposing change in WSOC and WIOC, and even fewer cases have 
opposing change exceeding sampling uncertainty.  In addition, there is a wide degree of 
scatter and in a number of cases, one species changes substantially while the other has 
zero change in concentration.  Overall, it appears that the relationship between WSOC 
and WIOC is weak.  However, it should be noted that this analysis is likely hindered by 
the fact that only a 24 hour change is available for analysis and that it is likely that any 
evening/morning concentration spikes from wet deposition may have already been 










Figure 27. 24-hour change in surface snow WSOC compared with 24-hour change in 
surface-snow WIOC 
 
8.3.3 Comparison of Air and Snow  
 
While it is highly interesting to directly compare our measured time series of 
carbonaceous species in the air and snow, a number of caveats need to be taken into 
consideration prior to making conclusions.  First, our atmospheric measurements were 
either shut off or were filtered for time periods potentially impacted by camp em
Unfortunately, there is no possible sector control system to prevent emissions from 
impacting snow concentrations.  Next, while we used identical filter media and analytical
instrumentation in processing atmospheric and snow-phase WSOC, WIOC, and EC, the
are fundamental differences in the air and snow sampling techniques.  All atmospheric 




liquid filtration through a quartz-fiber filter 
was used to separate insoluble species (WIOC and EC) and soluble species (WSOC) 
filtration, snow-phase EC and WIOC also do not have an upper size-cut and may include 
2.5 cyclone and WSOC was extracted 
off of the filters.  For snow-phase samples, 
prior to analysis.  In addition to possible differences in collection in air vs. liquid 
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particulates larger than 2.3 µm.  Finally, probably the most significant caveat is that 
concentrations are highly dependent on the occurrence of deposition (dry or wet) and 
related factors affecting the magnitude of flux to snow (Bergin et al., 1995), as well as th




Despite the numerous hurdles to overcome in interpreting air vs. snow concentrations, 
there may still be useful information in the comparison.  The high-frequency snow-phase 
sampling of WSOC is displayed in Figure 28 along with atmospheric PM0.1-1.0 that was 
averaged over identical time periods.  In a number of periods, it appears that snow-phase 
WSOC increases while PM0.1-1.0 decreases (e.g. June 15th, June 18th, and June 22nd).  
However, it is inconsistent, with some major spikes in snow-phase WSOC (e.g. June 12th 
and July 16th) occurring with no simultaneous decrease in PM0.1-1.0.  As mentioned 
earlier, snow concentrations of WSOC m




d to other 
tors, such as preferential deposition or differences between air/snow measurement.  
ay also be influenced by a tem erature-based p
p
 
Assuming for a moment that all snow-phase particulate matter is derived from depo
atmospheric particulate matter, it would be expected that the carbon balance between the
various carbon species (WSOC, WIOC, EC) would be similar in the air and snow.  
However, it appears that this is not the case, as atmospheric WIOC and EC was at an 
approximate 1:1 ratio compared with 11:1 in snow (Figure 29).  This may suggest that 
WIOC is formed in the snow through polymerization of water-soluble organic mo
However, the enhanced WIOC relative to EC in the snow may also be linke
fac
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Additionally, total OC to EC in the atmosphere is roughly 8:1 while in the surface snow it 
is 205:1.  Similar to the high total OC/EC ratio observed in the 3 meter snow pit (section 
8.2), it appears that the snow concentrations do not mimic the atmosphere levels.  While 
there are numerous reasons for expected diff
ea that gaseous organics are a secondary source of OC in snow. 
erences in the air and snow concentrations, 



















Figure 29. Comparison of carbon balance in air samples and surface snow. 
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8.4 Investigation of Camp Contamination at Summit, Greenland 
tion spikes in ambient particulate matter 
measurements during the short-term 2005 field study on the Greenland Ice Sheet (see 
Appendix C), great emphasis was placed on minimizing any contamination to 2006 
samples from local camp emissions.   Our sampling site was moved to a distance about 1 
m base camp and a sector control system was put in place to flag/shut-down 
sampling during stagnant periods or when winds were arriving from base camp regions.  
In addition to these preventative actions, we also sought to investigate and record the 
ospheric and snow concentrations.  As Summit, Greenland 
continues to host year-round field measurements, these results will hopefully support 
improved accuracy in sampling a pristine environment that is unfortunately not free of 
local anthropogenic emissions.   
8.4.1 Camp Emissions and Atmospheric Samples 
During the 2006 campaign, wind speed and direction were monitored at 10-minute 
increments at our satellite monitoring location and are displayed in Figure 30.  From the 
pling site located south of the base camp, we estimated 
wind direction >288° or <45° to cover camp emission locations (mainly, heavy 
equipment grooming the “ski-way” and the camp generator).  During a nearly month-
time period with no incoming flights and thus no ski-way grooming occurring NW 
of the sampling site, the NW wind direction limit was increased to >315°.  In addition, 
nce of 
agnation, the sector control system flagged the time period 
nd shut down integrated filter sampling.   
After observing several unexpected concentra
km fro
impact of camp on both atm
vantage point of the remote sam
long 
“stagnant” conditions were defined as wind speeds <0.5 m/s.  Given the occurre




As seen in Figure 30, winds were dominated by southerly winds during the sampling  
period, hitting >315°/<45° limits for only ~16% of the summer or ~24% with wind 
direction limits expanded (>288°/<45°) to include ski-way traffic.  In addition, Figure 30 
shows that the majority of wind speeds falling between 2-8 m/s.  Throughout the entire 
summer, stagnant conditions (wind speed <0.5 m/s) were rare (<5% of the summer).   
 
 
g 26 May 2006 – 18 July 2006. 
ltogether, sector control flagged 21% of the sampling time during 26 May – 18 July 
tam ern 
m-1, 2000% higher than the summ  0.15 
ontrolling sampling s is extre en 
bonaceous particulat ditionally  in 
igure 31 that our sector control criteria captured every major spike and thus our 
atmospheric measurements are likely free from significant contamination.  
Figure 30. Wind patterns observed durin
 
A
2006.  As shown in Figure 31, the time peri r conods flagged fo ination conc
(Figure 31a) are often associated with brief extreme spikes in the absorption coefficient 
(Figure 31b) reaching up to 30 M ertime average of
Mm .  It is clear that c-1 for camp wind mely important wh
















t long-term air monitoring at Summit Camp 
would be able to obtain data at least ~85% of the time with sector control in place. 
absorption coefficient (b). 
 
Using long-running wind measurements at Summit conducted by ETH Zürich – Institute 
for Atmospheric and Climate Science, it is possible to understand t
v
spring through fall months (wintertime data collection was limited due to wind va
issues at T < -35°C) for the years 2003-2005.  Each wind rose displays the frequency of 
observation (%) at a given angle and is shaded according to wind speed.  As seen in 
Figure 32, it appears that there is no major monthly trend in wind patterns, although in 
general it appears that southerly winds dominate.  As with summer 2006, it appears that 
low wind speeds (<0.5 m/s) are a rare event, occurring only 2.5%, 1.7%, and 1.9% of
time during 2003 (June to Oct), 2004 (May to Oct), and 2005 (May to Oct), respectively.  
Wind directions covering camp emission locations (<45° or >315°), were a more 
common event, occurring 11.9%, 10.0%, and 14.3% of the time during 2003, 2004, and
2005, respectively.  These results suggest tha
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Figure 32. Wind direction and speed during 2003-2005 at Summit, Greenland 
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8.4.2 Impact of Camp Emissions on Snow Concentrations 
While it seems to be feasible to avoid camp contamination in atmo
 
spheric samples by 
atter in modern 
ost- 1989) snow. 
In or derstand e foo Cam ing snow
series of 1-meter sno g and the clea  of Summ t 
dista to 20 km th of scripti now pits 
sample is provided in T .  At al d EC ed at 20 c
increm , with dup t 2-3 la
able 13. 1-meter snow pit locations near Summit, Greenland 
adding in a sector control system, there is unfortunately not similar method available to 
prevent the deposition of camp emissions to surface snow.  To minimize snow 
contamination, camp staff members eliminate all possible emissions (e.g. snowmobile 
traffic and usage of heavy equipment) during northerly winds.  However, the camp 
electricity depends on continuous use of a diesel generator.  In addition, flights to the 
research site take place independent of wind direction.  It is of concern that these 
emissions may impact measurements made of carbonaceous particulate m
(p
 
der to un the possibl tprint of Summit p on surround , a 
w pits were du  sampled in n air sector it and a
nces up  north and sou  camp.   A de on of the 6 s
d able 13 l sites, WIOC an  were sampl m 




Snow pit description Date sampled Coordinates 
20 km North of Summit 26 June 2006 N72˚ 44’, W38˚ 12’ 
10 km North of Summit  25 June 2006 N72˚ 40’, W38˚ 26’ 
Summit Camp I, in clean air sector 20 June 2006 N72˚ 34’, W38˚ 27’ 
Summit Camp II, in clean air sector 22 June 2006 N72˚ 34’, W38˚ 2
10 km South of Summit 29 June 2006 N72˚ 30’, W38˚ 40’ 
7’ 




As the sampling was coarse (5 layers total per pit) and given the possibility of spatially 
variable snow accumulation, the snow pits are compared for total average concentration 
rather than comparing the snow pit profiles (profiles are provided in Appendix D).  As 
shown in Figure 33, it is immediately apparent that the snow pits near camp (Sum
and II) appear to be elevated bo
mit I 
th WIOC and EC in comparison with the snow pits at a 
istance from camp.  On average, the two Summit snow pits are 52% (1.16 µg kg-1) and 
2% (0.13 µg kg-1) higher than the remote snow pits for WIOC and EC, respectively.  
his substantial difference is concerning and suggests that future snow pit sampling 
ould be performed at distances from Summit.  It is interesting that snow pits at 20 km 
re not substantially lower in concentration than those at 10 km, suggesting that the 
footprint of Summit is confined to within 10 km.  In addition, it is also of note that the 
snow pits north of the research site are not higher (in fact, are slightly lower) than those 
south of Summit camp, suggesting that the higher camp emissions during southerly winds 
 not translate to long-distance impacts on snow concentrations. 
Assuming camp emissions contribute a constant fraction to the nearby snow, our 
presented snow pit concentrations (section 8.1) and surface snow levels (section 8.2) can 
readjusted by 1.16 µg kg-1 for WIOC and 0.13 µg kg-1 for EC, which would lower the 
erages but preserve the fluctuations.  However, it is difficult at this point to determine 
whether this is an appropriate assumption to make, as the impact of camp on snow in the 
“clean air” sector is likely dependent on the co-occurrence of precipitation and wind 
direction.  Also, it is likely that camp contamination is highly spatially variable.  As seen 












camp contamination that did not experience spikes in σap; and, when spikes did occu




Figure 33. Comparison of average snow pit concentrations in 1 meter snow pits located 

















8.5 Related Measurements at Niwot Ridge, Colorado 
s described in the Chapter 7, a short field campaign took place in January 2006 to 
ulate species on Niwot Ridge in the Colorado Rocky 
8.5.1 Atmospheric Concentrations  
, and 
late 
ractions (OC, WSOC, EC) and optical properties (σap, σsp, ω, N) made on 
iwot Ridge, Colorado or at any high-altitude site in the Rocky Mountains, for that 
although there is unfortunately no direct 




Mountains.   Removed from any emitting sources, this sampling site represents another 
remote, high-altitude (3345 m) location in the Northern Hemisphere and serves as an 
interesting comparison to the Greenland Ice Sheet.  
Atmospheric sampling took place for one week and included identical measurements 
made on the Greenland Ice Sheet – filter-based collection of OC/EC/WSOC, σap
particle size-resolved number concentration (N, PM0.1-1.0).  In addition, the higher 
particulate concentrations measured at Niwot Ridge allowed for the measurement of the 
particulate scattering coefficient (σsp) using a nephelometer, also allowing the calculation 
of the single-scattering albedo (ω = σsp / σext).   The week-long average values are 
presented in Table 14 and the time series is shown in Figure 34.    
  
To the author’s knowledge, these are the first measurements of the major particu
matter carbon f
N
matter.  One previous study measured a number of specific particulate organic molecules 
in the summertime of 1996 at Niwot Ridge, 
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Table 14. Measured atmospheric species at Niwot Ridge during January 2006 
Species Sampling Averaging period Concentration Units 
OC filter collection 24-48 hours 208 ± 0.104 ng m-3
EC filter collection 24-48 hours 20 ± 0.001 ng m-3
WSOC filter collection 24-48 hours 122 ± 0.054 ng m-3
PM0.1-1.0 OPC 1 minute 248 ± 0.172 ng m-3
σap PSAP minutes to hours 0.34 ± 0.23 Mm
-1
σsp Nephelometer 1 minute 2.03 ± 1.51 Mm
-1










Ridge are significantly higher than what was observed at Summit, Greenland, likely due
to the closer proximity of Niwot Ridge to emitting sources (e.g. plant emissions, 
vehicular traffic).  For the integrated filter samples, the relatively short sampling perio
(24-48 hr compared with 80 hr at Summit) led to the need to use two filter punches to 
quantify OC and EC mass.  Thus, no duplicates are available to confirm the measured 
concentrations and there is more uncertainty in the WSOC/OC ratio.  One measurem
period found WSOC/OC > 1, suggesting an overestimation of WSOC or underestimation
of OC.  Excluding this time period, the average WSOC/OC ratio is 0.52 (down from 0.6
with all samples included), much lower than that observed at Summit, Greenland 























Figure 34. A time series of atmospheric particulate matter species at Niwot Ridge, 
concentration (c), particulate absorption coefficient (d), particulate scattering coefficient 
Colorado, including carbonaceous particulate matter (a), PM0.1-1.0 (b), number 
(e), and single-scattering albedo (f) 
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As shown in Figure 35, it can be seen that the particulate scattering and absorbing are 
highly correlated, suggesting similar particle composition and mixing state throughout 
the measurement period.  In addition, it can be seen that all measurements observe 




th and late on Januar
10th.  The decrease in concentrations during the early morning of January 9th is likely due 
to the occurrence of heavy snowfall.  The dry aerosol single-scattering albedo, displayed 


















8.5.2 Snow Concentrations  
Snow-phase water-soluble organic carbon (WSOC) was measured in a 1 meter snow and 
in surface snow, as shown in Figure 36 and 37.  In addition, the higher concentration
WSOC at Niwot Ridge allowed for the additional detection of the WSOC hydrophilic 
fraction, defined as the portion of WSOC that penetrates through an XAD-8 column
pH of 2 (Sullivan and Weber, 2006a).  The particu
 
 of 
 at a 
late carbonaceous species (WIOC and 




tes of WSOC and 
ydrophilic WSOC were taken at every level of the 1 meter snow pit with an average 
ifference of 30.3 µg kg-1 (14% of average) and 17.7 µg kg-1 (12% of average), 
E
snow samples.   The challenging mountainous conditions made it unfortunately 
impossible at the time to monitor above the tree-line.  Thus, only snow-phase WSO
concentrations are available for comparison with Summit data.  WSOC concentration
averaged 212 µg kg-1 (142 µg kg-1 hydrophilic) in the 1 m snow pit and 235 µg kg-1
µg kg-1 hydrophilic) in surface snow samples, nearly twice as high as the summertime 
surface snow WSOC average on the Greenland Ice Sheet.  Duplica
h
d




pit at Niwot Ridge, Colorado 


















ure 37. Water-soluble org




 snowpack at Niwot Ridge has a number of physical differences to consider befo
paring with the Greenland Ice Sheet.  The Niwot Ridge area experiences springtim
w melt, thus the concentrations measured represent only snow accumulated in the 
ter of 2005/2006.  In addition, Niwot Ridge receives significantly greater snowfa
h >1 m of snowfall in the winter season compared with a typical 0.65 m year-long 
umulation on the Greenland Ice Sheet.  Another major factor to consider are the
sporadic coniferous trees located surrounding the snow field
in addition to deposited atmospheric species, the sampled snow may have a secondary 
tribution from the nearby vegetation.  Finally, the snowpack at Niwot Ridge sits on 
 of soil and rock, while the highest point of the Greenland Ice Sheet is >3000 m above 
rock.  Thus, there is a greater chance that bacteria contained in the soil may digest 
w-phase carbonaceous species at Niwot Ridge. 
 127
The fraction of hydrophilic WSOC/total WSOC is plotted in both Figure 36 and Figure 
   An interesting trend is noticeable in both plots, with the hydrophilic fraction 
earing to vary opposite the total WSOC concentration.  A correlation was performed 
een the hydrophilic fraction and total WSOC for both the surface snow and the sn
 shown in Figure 38.  A strong negative linear relationship (r = -0.81) was observed 












deposited snow layer is buried quickly by additional snow and thus not exposed to 
ind s of 
WS
 
An alternative possibility is that the trend of enhancement of the hydrophilic WSOC 
fraction with lower WSOC is merely a coincidence, that the buried WSOC characteristics 
are sim
hydrophilic WSOC/total WSOC levels (ranging 0.55-0.95) in the snowpack were higher 
than the past reported values for atm
relationship (r = -0.58) was seen in the surface snow.  The stronger relationship in the 
w pit is likely due to the higher range of WSOC concentration measured  
4-351 µg kg-1 vs. 148-206 µg kg-1 in surface snow).  One possible conclusion from 
 observed trend is that the higher concentrations of WSOC in the snowpack are 
entially “fresh” snow layers that were not exposed to post-depositional oxidative 
cesses, thus higher total WSOC concentrations and a lower hydrophilic fraction.   This 
ation could occur during periods of high snow accumulation, where a freshly 
photochemical reactions.  Likewise, the low WSOC/high hydrophilic fraction may 
icate the state of aged snow that has undergone oxidation, leading to a net los
OC from the snow pack and a shift towards more hydrophilic organic compounds.   
 
ply representative of the particulate matter in the atmosphere.  However, the 






mea ith the snow pit samples (Figure 38) and were likely from a 
processes do indeed impact 
icity 
in t  




OC values ranging 0.49-0.65) in St. Louis, Missouri (Sullivan and Weber, 2006), 
gesting that post-depositional processes alter snow-phase particulate matter.  It shoul
oted, however, that the composition of particulate WSOC at Niwot Ridge may be 
te different than at St. Louis.  Finally, it appears that the short period of surface sno
surements track w
consistent source type, suggesting that post-depositional 
snow-phase WSOC properties.  Given the lack of information on WSOC hydrophob
he atmosphere at Niwot Ridge, the unknown-degree of bioactivity impacting WSOC
he snowpack, and that nearby vegetation may also impact snow-phase concentrations
e results are considered preliminary and further study is recommended. 
 













at w  
Ice 
day
low rface snow.  In addition, the 
rganic fraction of carbonaceous particulate matter consists of thousands of organic 
ompounds, some of which have been found to be stable in the atmosphere and useful as 
urce signatures (Schauer et al., 1996).  These species may also serve as historical 
arkers of atmospheric emissions in ice cores.  However, post-depositional processing 
 carbon and complicate the linkage 
between the frozen archive and the atmosphere.   
 
To better understand the nature of carbonaceous particulate matter in the air and snow on 
the Greenland Ice Sheet, numerous field measurements were conducted during the 
summer of 2006 at Summit, Greenland.  In addition, field studies were conducted in 
January 2006 at the high-altitude and remote Niwot Ridge, Colorado to provide a 
reference point to particulate matter concentrations measured at Summit.  The results of 




t II of this thesis focuses on studying atmospheric carbonaceous particulate pollution 
hat is possibly the most pristine location in the Northern Hemisphere – the Greenland
Sheet.  Carbonaceous particulate matter (organic and elemental carbon) is a present-
 concern for its potential warming influence in the air above the ice sheet and in 





may alter the original form of deposited organic
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Atmospheric Carbonaceous Particulate Matter Concentrations 








back-trajectories during this time period indicate that the air mass tracked from 
forest fires (~155,000 acres burning) were occurring in Canada in early June.  
July 2006) show that the majority (71%) of sampling days had 10-day tra
constrained to the area near the Greenland Ice Sheet or from the northeastern part of 
North America, with only a few sampling days represented by longer trajectories
arriving from over northwestern North America or the Asian continent.   
• Measurement of atmospheric particulate carbon on the Greenland Ice Sheet foun
WSOC (average of 55 ng m-3) to constitute over 80% of particulate OC (avera
63 ng m-3), suggesting that atmospheric organic compounds reaching the Green
Ice Sheet in summer are highly oxidized.  WSOC and OC concentrations were nearly 
twice as high at Niwot Ridge and had a lower fraction WSOC/OC (52%). 
• Atmospheric EC on the Greenland Ice Sheet (average of 8 ng m-3) was found 
highly correlate with atmospheric OC (r = 0.94).  Atmospheric EC was also well-
correlated with the σap (r = 0.95) and had a calculated mass-absorption cross-section
of 24 m2 g-1, although other species may also contribute to light absorption (e.g. dust 
or organic molecules).   
• A high pollution event occurred on June 13-14 at Summit, Greenland, with short-term 
measurements of σap and PM0.1-1.0 averaging 197% and 290% higher than their 
summertime averages, respectively.  The increase in σap and EC during this time 
period suggests that the pollution episode was combustion-related.  Isobaric 10-day 
Alaska/western Canada over northern Canada to Summit.  Fire records show sizable 
 131
Snow-Phase Carbonaceous Concentrations and Trends 
• Measurements of WSOC, WIOC, and EC in a 3-meter snow pit on the Greenland






tions at Summit, Greenland in 2006 






-1 or  88%) of the measured carbonaceous species, followed by W
µg kg-1 or 11%) and EC (0.4 µg kg-1 or 1%).  Seasonal cycles were observed for all 
three species, with maximum concentrations in spring/summer.  Similar seasonal 
patterns were observed in K+ and SO4-, which are known to be co-produced with
carbonaceous species in biomass burning and fossil fuel combustion, respectively.  
• Comparison of summer surface snow concentra
much lower in WSOC (56%) and WIOC (59%), while only a minor differenc
is seen for EC.   The apparent substantial loss of WSOC and WIOC in aged snow 
suggests that post-depositional processes, such as photochemical reactions, need to b
considered in linking ice core records of organics to atmospheric concentrations.   
• Analysis of ~50 day time series of surface snow concentrations (WSOC, WIOC, E
at Summit, Greenland find significant day-to-day variability in concentrations, with
all concentration spikes appearing to coincide with a wet deposition (fog or snowfall
event.  The higher-frequency (every 4-6 hours) measurement of WSOC in the surface 
snow yielded substantial decreases (e.g. 54% loss in 8 hours on July 15th) in snow-
phase WSOC after a deposition-related concentration spike.  These losses appear to 
be outside of the possible variability in concentration due air-to-snow partitioning 
behavior. 
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 On a 24 hour basis, it appears that WSOC and WIOC in Greenland surface snow both 
tend to increase or decrease together, suggesting that the transfer of organic 
compounds between the two carbon fractions has only a minor effect on day to day 
concentration change.  However, this analysis is limited changes occurring over 24 
hours and may miss detecting any movement of organic molecules between WSOC 
and WIOC that occurs on a shorter time basis. 
 Higher concentrations of WSOC at Niwot Ridge, Colorado, allowed for further 
analysis of hydrophilic WSOC, defined as the fraction of WSOC that remains after 
passing through an XAD-8 column.  In a 1-meter snow pit, a strong negative 
relationship was found between total WSOC and the hydrophilic WSOC/total WSOC 
fraction.  Additionally, a weaker relationship was observed during a short period of 
surface snow measurements at Niwot Ridge.  These preliminary results suggest that 
post-depositional processes may cause chemical alteration to snow-phase WSOC 
after deposition. 
omparison of Air and Snow Carbonaceous Species 
Comparing air to surface snow concentrations, a large difference was observed 
between the WSOC, WIOC (or OC minus WSOC), and EC balance in air (77.6%, 
11.6% , and 11.3%, respectively) and snow (89.9%, 9.6%, and 0.5%, respectively).  
While some dissimilarity was expected due to differences in measurement, the much 









Impact of Camp Emissions at Summit, Greenland 
 Atmospheric sampling of the absorption coefficient combined with wind monitoring 
found that camp activity can have major short-term impacts on atmospheric 
carbonaceous particulate matter.  During the summer 2006 field campaign, wind 
patterns (direction and/or speed) were found to cause atmospheric contamination 
concerns for 21% of the ~2 month time period.   
 Wind data extended to cover spring to fall months for 2003-2005 indicate that low 
winds are rare (~2% of the time), while wind directions covering camp emission 
locations are more common (~12% of the time).  It appears that, over the long run, 
atmospheric sampling with sector control at Summit, Greenland would be able to 
obtain data a vast majority of the time.  
 Camp impact on snow measurements was assessed by sampling a series of 6 1-meter 
snow pits at varying distances from Summit, Greenland.  Snow pit samples illustrate 
that snow-phase WIOC and EC near to the base camp are significantly higher than at 
entration was observed at 
20 km relative to 10 km, suggesting that a distance of 10 km is sufficient to avoid an 












sites located 10 or 20 km from camp.  No decrease in conc
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9.2 Recommendations for Further Research 
While atmospheric particulate matter is well-understood in many developed locations in 
the Northern Hemisphere, the enormous difficulty in field sampling on the Greenland Ice 
Sheet has resulted in a current knowledge gap about the nature of particulate matter in 
this pristine and remote region.  Thus, this thesis presents a number of “first-ever” 
measurements of particulate matter in the air and snow on the Greenland Ice Sheet.  A 
great deal of further research is needed to understand the current trends of carbonaceous 
particulate matter in the atmosphere over the Greenland Ice Sheet and to evaluate the 
capability of using carbonaceous species as tracers in ice cores.  Several 
recommendations for further research are provided below. 
 
• Characterize major carbonaceous source types and source regions impacting the 
Greenland Ice Sheet 
Currently, the major source types and source regions impacting atmospheric 
carbonaceous particulate matter on the Greenland Ice Sheet are not well known.  An ideal 
approach to better understand the transport of emissions to the Greenland Ice Sheet 
would be a pairing of transport modeling and long-term monitoring of atmospheric 
particulate matter at Summit, Greenland.  Field measurements of particulate matter 
pecies linked to specific sources (including trace organic compounds, ions, and 
lements) would provide information on the origin of particulate matter pollution 
eaching the Greenland Ice Sheet.  However, a recent attempt in continuing atmospheric 
ilter sampling throughout winter by Georgia Tech/University of Wisconsin has 







challenging environment (i.e. temperatures < -50 °C, high wind speeds, drifting snow, 
nd limited access to resources).  It was found that durable plastic wind sensors would 
crack under the combination of extremely low temperatures and high winds.  In addition, 
maintaining carbon brush motors on a high-volume sampler was found to be very 
difficult in the winter conditions.  Finally, another major issue was snow blowing into the 
sampler, depositing onto filter samples and obstructing the inlet.  More rugged sampling 
equipment (ie. full-metal wind sensors, brushless motors) and designing a sampler inlet to 
avoid snow intake may improve our ability to perform winterover sampling.    
 
• Determine major modes of carbonaceous particulate matter deposition to snow 
The transfer of atmospheric carbonaceous species to surface snow leads to short-term 
impacts on the surface albedo and long-term archival of atmospheric components in 
Greenland snow/ice.  In order to model the linkage between air and snow, it is essential to 
understand the relative importance of wet (snowfall, fog) and dry deposition on 
atmospheric and snow concentrations.  Direct measurement of precipitation would be a 
challenging task, particularly with the analytical limitations for particulate WIOC and 
EC.  Additionally, the uptake and release of organics by snow would be difficult to 
quantify in-situ.  It is likely that specialized techniques would need to be developed in 
order to make these valuable field measurements. 
   
• Additional investigation of organic carbon post-depositional processing 
 
One major finding of this thesis research is that snow-phase organic carbon appears to 
substantially degrade after initial deposition, likely due to photochemical processes.  A 
a
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major open question is the role of snow-phase organic carbon in the cycling of reactive 
ecies (e.g. hydroxyl radical) in the air and snow pack on the Greenland Ice Sheet.  
Other unknowns regarding snow-phase organic carbon reactivity include the depth to 
hich post-depositional processes occur, the major products generated, and the rates of 
xidative processing after initial deposition.  Additionally, it would be highly valuable to 
determine whether certain organic compounds remain inert to photochemical reactions 
after deposition and thus are potential candidates for use in ice core research.  This topic 
of study encompasses a wide array of potential research projects, from laboratory studies 
















































































A.1  Field Operating Procedures for RAAS PM2.5 Samplers in the Pearl River 
















































A.2  Field Operating Procedures for RAAS PM2.5 Samplers in the Pearl River 
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Figure B.1. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 

















































































































































































































Figure B.2 Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 




















































































































































































































Figure B.3 Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 




















































































































































































































Figure B.4 Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 



















































































































































































































Figure B.5 Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 



















































































































































































































Figure B.6. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 



















































































































































































































Figure B.7. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 




















































































































































































































Figure B.8. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 




















































































































































































































Figure B.9. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 




































































































































































































































































































































































































































Figure B.11. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 









igure B.12. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 
earl River Delta on 3/6/2003-3/7/2003.   
 
 


















































































































































































































igure B.13. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 
































































































































































































































































































































































































































Figure B.14. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 
















































































































































































































Figure B.15. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 









Figure B.16. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 





























































































































































































































































































































































































































Figure B.17. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 







Figure B.18. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 




























































































































































































































































































































































































































Figure B.19. Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 


















































































































































































































Figure B.20 Hourly wind vectors and 24-hour rainfall at six meteorological sites in the 










Figure B.21 24 hour back-trajectory of air parcels reaching sites Tap Mun and Conghua 
on 0000 local time, October 20th, 2002. 
 
 
Figure B.22 24 hour back-trajectory of air parcels reaching sites Tap Mun and Conghua 
on 0000 local time, June 5th, 2003 
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Figure B.23 24 hour back-trajectory of air parcels reaching sites Tap Mun and Conghua 
on 0000 local time, June 23rd, 2003 
 
 
Figure B.24 24 hour back-trajectory of air parcels reaching sites Tap Mun and Conghua 
on 0000 local time, June 29th, 2003 
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APPENDIX C: GREENLAND ICE SHEET AND NIWOT RIDGE – FIELD 













































C.1 Sample Bottle Cleaning Analysis 
ow, any 
d trip.  The 
selected 05-
tles were certified as pre-
pak cleaning procedures 
ed, a series of bottles 
d water and then 
rs, 5 days.  Twenty bottles were used, ten of which 
on and ten with additional cleaning of both the 
ing, the glass bottles 
 and finally 
e additional cleaning steps did provide a 
ange of the 
hich is usually around 15-25 ppb C.  It was concluded that the 
equired for Greenland samples and the bottles were expected 
vels of TOC to the samples.  Later, further testing determined 
steps in cleaning the sample jar lids – these 
ries of two 10-minute sonication baths and a final rinse in 
C DI water. 
 
Given the expected low concentrations of organic carbon in the Greenland sn
co ination due to the sampling materials was tested prior to the 2005 fielntam
 bottles for snow sampling were Qorpak KaptCleanTM (Cole Parmer: EW-346
70) glass bottles with Teflon-lined plastic caps.  While these bot
cleaned environmental bottles, it was uncertain whether the Qor
were sufficient.   A week-long comparison test was thus perform
filled with a volume of low total organic carbon (TOC) deionize
measured for TOC at 0 hours, 24 hou
were in their original purchased conditi
glass bottle and the lid.  For the ten samples with additional clean
were heated in a Thermolyne Furnace to a temperature of 550 ˚C for 12 hours and the 
Teflon-lined plastic lids were rinsed with certified hexane, certified methanol,
with low-TOC deionized water.   
 
As seen in Figure C.1, it was found that th
reduction in measured TOC.  Also, the cleaned samples were within r
laboratory DI water, w
extra cleaning steps were r
to contribute negligible le
that methanol and hexane were unnecessary 























Figure C.1 Comparison of carbon mass in ultraclean water in KaptcleanTM 



























C.2 Pre-acidification Process for Water-Soluble Organic Carbon Analysis 
 
The Sievers 900 Total Organic Carbon (TOC) Analyzer analyzes water-phase organic 
portion passing through a UV-lit region 
f OC and the second portion passing through a delay column.  
 
rm (H2CO3, HCO3-, CO32-) and the second sample portion 
s only IC.  The two sample streams pass through a conductivity detector and 
lated as: OC = total carbon – IC.   Given low concentrations of OC 
r can be introduced by this calculation method.  The 
 900 analyzer recommends that OC be at least 10% of the total carbon for an 
wn in Figure C.2, the concentration of IC is theoretically dependent upon pH.  
h typical ambient CO2 concentrations (10-3.5 atm), the 
centration is ~130 ppb C, yielding ~15 ppb C as the lowest 
7, IC is 
00 ppb C and results in a lower limit of approximately 80 ppb C for 
 OC measurement.  For typical OC concentrations in surface water and 
imit of 80 ppb C is not a concern.  However, for the pristine polar 
ibution to the analyzer’s conductivity signal needs to be reduced 
rganic concentrations as low as 20 ppb C.  
carbon (OC) using a UV-based oxidation technique.  Briefly, the analyzer splits the 
incoming sample stream into two portions, one 
causing the oxidation o
Thus, the UV-reacted sample volume now contains fully-oxidized carbon plus inorganic
carbon (IC), all in inorganic fo
contain
organic carbon is calcu





Given equilibration time wit
theoretical minimum IC con
reliable measurement of OC by the Sievers instrument.  Meanwhile, at a pH of 
theoretically ~7
trustworthy
precipitation, a lower l





























0 2 4 6
 
rbon in water given PCO2 of 10-3.5 atm 
 to determine whether pre-acidifying samples 
thout contributing background OC.  
w the results of 3 samples (each 50 mL of ultrapure water) that 
 CO2 overnight, then measured for initial OC 
.   Then, a small amount (~20 µL) of 85% phosphoric acid was 
nd then re-measured for 
and IC.  It can be seen that this acidification step reduced IC from its initial level of 
460 pp  fi rs to increase from 13 to 34 ppb 
with acidification, but it is difficult to determine from this experiment whether that is 
background addition by the phosphoric acid or a consequence of poor OC measurement 
during  lower IC levels from 
acidific l carbon increased from 3% to 13%, as shown 
in Figure C.4.   
 
Figure C.2. Calculated inorganic ca
 
A series of laboratory tests were performed
with phosphoric acid would decrease the IC signal wi
Figures C.3 and C.4 sho
were allowed to equilibrate with ambient
and IC concentrations
added to each sample, allowed to equilibrate for 40 minutes, a
OC 
b to a nal 220 ppb.  The OC concentration appea
the initial high-IC conditions.  As a result of the





































Figure C.4 OC/TC fraction during acidification tests. 
o determine whether the phosphoric acid adds background OC, a second series of three 
0 mL ultrapure samples were used.  This time, however, the ultrapure water was not 
ed overnight and thus had low initial IC concentrations (<200 ppb) and so low OC 








initially measured for OC.  Then, the samples were acidified with phosphoric acid, 
lowed to equilibrate for 40 minutes, and measured again for OC.  As shown in Figure 
.5, it appears that the phosphoric acid adds negligible OC.  Thus, this method was 






























C.3 Tests on Overlaying Two Filters in the Sunset Carbon Analyzer 
ne major challenge faced in the Greenland Ice Sheet study was to minimize the 
mpling time required to detect atmospheric particulate organic (OC) and elemental 
arbon (EC).  The major constraint on meeting this goal is the EC detection limit of 0.2 
g carbon in our analytical method (Sunset Carbon Analyzer).  Given the expected 
oncentrations of EC in the Greenland atmosphere, a minimum run time of 160 hours (~7 
ays) would be needed to have detectable EC mass.  In addition, the actual sampling 
eriod would be likely much longer given the sector control system turning off sampling 
uring time periods with potential contamination from camp emissions.   
 order to lessen the integrating time period, one proposition was to double the sample 
terial placed into the Sunset Carbon Analyzer, layering two punches of a quartz fiber 
filter sample instead of the usual one punch.  The total carbon mass would be expected to 
be accurately resolved using two layered punches, as the total carbon is simply related to 
the amount of carbon evolved from the filter (detected as methane) through progressive 
heating.  However, there may be a concern about the apportioning of carbon mass 
between the organic and elemental fraction.  To split the total carbon into the two 
fractions, a laser-beam transmittance method is employed.  While undergoing a heating 
regime, a laser beam continuously passes through the sample filter.  During the first 
heating stage, in the presence of helium ga  the initial laser transmittance is usually 
observed to drop as a portion of organic mass chars.  During the second phase of heating, 















transmittance increases.  At the point where the laser transmittance crosses its initial 
point, a split point is defined and all remaining detected carbon is operationally defined 
as “elemental carbon”.  The most significant concern to layering filter punches would be 
a significant attenuation of the detected laser signal and potentially a misread of the split-
point between OC and EC. 
 
To determine whether layering filter punches is a reasonable approach, a set of 3 samples 
were taken on the rooftop of the Georgia Tech Environmental Science and Technology 
building in Atlanta, Georgia during September, 2005.  Particulate m tter samples were 
lter sample was measured as a two single punches (“half”) and the second filter sample 
as measured with two layered punches (“layered”).  The results are shown below in 
igure C.6. 
a



























Set 1 Set 2 Set 3
 
Figure C.6 Layered versus single punches measured on the Sunset Carbon Analyzer. 
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It can be seen that the layered filter measurements are very similar to the two half-filter 
punches, both in overall concentration and in apportionment between OC and EC.  It is 
interesting that for all three sets of samples, the two single-punches do not give identical 
measurements (although are quite close).  This is likely due to an imperfect distribution 
of particulate matter on the filter surface.   The layered filters appear to strike nearly in 
the middle of each pair of half filters and possibly represent an even more accurate of the 
ambient concentration.  Overall, the layered filters agreed reasonably well with the single 
filter punches for total carbon (average ag ent within 8%), OC (7%), and EC (21%)
 no consistent bias towards higher or lowe  was observed.  For the Greenland 
ambient samples, it was deemed appropriate to half the required sampling time to 80 















C.4 Analysis of Camp Impact during July, 5 at Summit, Greenland 
 
Summit Camp is a small field camp located at the highest point of the Greenland Ice 
Sheet and used for a variety of scientific measurements ranging from deep ice core 
drilling to present-day atmospheric measurements.  It is a small camp, with researchers 
and staff numbering about 30 during the summer season (May to August) and 4 staff 
members in winter (September to April).  Currently, the camp has a variety of emission 
sources that could potentially impact air and snow concentrations of carbonaceous 
particulates, including a diesel generator, diesel-powered vehicles (snowmobiles and 
vy equipment), and aircraft (Twin Otters and LC-130s).  Aircraft are the primary 
method of transporting people and supplies to the ice sheet, with flights arriving and 
departing approximately every 3 weeks during the summer season.  Summit Camp seeks 
to preserve a “clean air” research area located south of camp by stopping all gasoline or 
diesel-powered snowmobiles and heavy equipment during days with northerly winds.  In 
addition, the Summit contracting company (VECO Polar Resources) seeks to limit camp 
energy use as much as possible by introducing electric snowmobiles and having visiting 
researchers sleeping in unheated tents.  However, aircraft transit and the camp generator 
are not turned off during “north wind days” and can impact the clean air sector.  It is also 
pact camp given the right meteorological conditions. 
etermining the impact of camp contamination was a major goal of the 2005 field 
xpedition to Summit, Greenland.  To detect the impact of camp emissions, measurement 
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of the particulate absorption coefficient (σap) was compared with wind speed and wind 
direction over a 9-day period of time.  In Figures C.7-C.9, intense spikes in the 
absorption coefficient on July 16th (up to ~40 Mm-1) and July 25th (up to ~100 Mm-1) are 
observed to be linked with time periods when winds passed through the camp sector.  In 
comparison, significantly lower concentrations are observed during the other time 








Figure C.7 Absorption coefficient (Mm-1) measured at Summit Camp. 
 
 
igure C.8 Wind direction during the July 2005 field campaign, with red lines indicating 
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Figure C.9 Wind speeds measured during the July 2005 field campaign. 
 
 
Based upon these observations, it was decided that the 2006 summer campaign would be 
relocated to a “satellite camp” located app ately ½ mile from the base camp.  In 
ition, a sector control system was designed to protect the 2006 integrated filter 
measurements from camp pollution.  Computer code for this sector control system is 
provided in the following section (Appendix C, section C3).  Finally, further analysis of 
camp impact was incorporated into the 2006 campaign through a series of 1 meter snow 
pits, comparing concentrations near camp and at distances up to 20 kilometers from 






































C.5 Sector Control Computer Code (Visua sic) 
CR200 Series 











'Define Data Tables 
DataTable(Table1,True,-1) 
 DataInterval(0,1,Min) 
 WindVector (WS_ms,WindDir,False,0,1) 
 FieldNames("WS_ms_S_WVT,WindDir_D1_WVT") 






 'Default Datalogger Battery Voltage measurement Batt_Volt: 
  '03001 Wind Sensor measurements WS_ms and WindDir: 
  PulseCount(WS_ms,P_LL,1,1,0.75,0.2) 
  If WS_ms<0.21 Then WS_ms=0 
  ExDelSE(WindDir,1,1,1,mV2500,3000,0.142,0) 
  If WindDir>=360 Then WindDir=0 
  'Simple Control w/ Deadband: 
  If Flag(1)=0 Then 
   If WS_ms>0.5 Then 
    If WindDir > 45 And WindDir < 288 Then 
     PortSet(2,1) 
     PortSet(1,1) 
     PS=1     
    Else 
     PortSet(2,0) 
     PortSet(1,0) 
     PS=0    
    EndIf 
   Else 
    If WS_ms<0.5 Then 
     PortSet(2,0) 
     PortSet(1,0) 
     PS=0     
    EndIf 
  PortSet(1,0) 
  PS=0   
 EndIf 








  Battery(Batt_Volt) 
   EndIf 
  Else 






























Variable i = 0 
Variable V_flow=0 //volume of sample 
Variable Vp0, Vp1, Vp2, Vp3, Vp4, Vp5, Vp6 //volume of particle 
Variable Q=73.3 // flow rate = 0.0733 lpm = 73.3 cm3 p min 
Variable pp=1000000 // density of particle = 1 g/cm3 = 10^6 ug/cm3 
iable d0 = 0.15, 1 = 0.25, d2 = 0.35,  = 0.45, d4 = 0.6, d5 = 0.85, d6 = 
 //midpoint diameters 
do 
 V_flow = Q*Sample_Interval[i]/60 //volume in cm3 
 Vp0 = (d0/2)^3*(4/3)*pi/10^12  //particle volume in cm3 
 Vp1 = (d1/2)^3*(4/3)*pi/10^12 
 Vp2 = (d2/2)^3*(4/3)*pi/10^12 
 Vp3 = (d3/2)^3*(4/3)*pi/10^12 
 Vp4 = (d4/2)^3*(4/3)*pi/10^12 
 Vp5 = (d5/2)^3*(4/3)*pi/10^12 
 Vp6 = (d6/2)^3*(4/3)*pi/10^12 
  
 //conc in ug/m3 
 ch0_mass_conc[i]=1000000*Counts_Channel_0[i]*Vp0*pp/V_flow  
 ch1_mass_conc[i]=1000000*Counts_Channel_1[i]*Vp1*pp/V_flow   
 ch2_mass_conc[i]=1000000*Counts_Channel_2[i]*Vp2*pp/V_flow   
 ch3_mass_conc[i]=1000000*Counts_Channel_3[i]*Vp3*pp/V_flow   
 ch4_mass_conc[i]=1000000*Counts_Channel_4[i]*Vp4*pp/V_flow   
 ch5_mass_conc[i]=1000000*Counts_Channel_5[i]*Vp5*pp/V_flow   





      //conc in N/cm3 












 d  d3
 ch1_num_conc[i]=Counts_Channel_1[i]/V_flow  












C.7 IGOR Code – Calculation of σap
Macro bap_calc(tran, timestep) 
//import filtered transmittance wave and timestamp wave 
String tran 
Prompt tran, "select filtered transmittance wave",popup, Wavelist("*",";","") 
String timestep 
Prompt timestep, "select timestamp data",popup, Wavelist("*",";","") 
 
//make final data waves 
Make/O/N=(numpnts($tran)) bap_new 





appendtotable bap_new, bap_timestamp, start_wave, stop_wave 
 
//make set-through variables 
Variable i=0 
Variable t_min = 0 
Variable start = 0 
Variable stop = 1 
Variable increment = 0 
iable endprog = mpnts($timestep) 
iable tran_avg =  
 
//step through data and calculate bap  
 
do 










increment = $tran[start]-$tran[stop] 
 
If ($tran[stop]>0) 
 If (increment >= 0.003) 
  t_min = ($timestep[stop] - $timestep[start])/60 
  bap_new[i] = (11407.54958/t_min)*ln($tran[start]/$tran[stop]) 
  tran_avg = ($tran[start]+$tran[stop])/2 
  bap_new_corr[i]=bap_new[i]*1/(2*(0.5398*tran_avg+0.355)) 













  start_wave[i]=start 
  stop_wave[i]=stop 
  start=stop+1 












C.8 IGOR Code – Filtering Flagged Time Periods (LASAIR and PSAP data) 
 
PSAP program: 
Macro bap_met_calc(bap_in, bap_time, ps_time, ps_in) 




Prompt bap_in, "select calculated bap wave",popup, Wavelist("*",";","") 
String bap_time 
Prompt bap_time, "select bap timestamp data",popup, Wavelist("*",";","") 
String ps_time 
Prompt ps_time, "select power strip timestamp data",popup, Wavelist("*",";","") 
String ps_in 
Prompt ps_in, "select power strip on/off data",popup, Wavelist("*",";","") 
 
//make new bap wave for final adjustment 
Duplicate/O $bap_in, bap_met_adjust 
Make/O/N=(numpnts($bap_in)) ps_start 
Make/O/N=(numpnts($bap_in)) ps_end 
appendtotable bap_met_adjust, ps_start, ps_end 
 
Variable m_start = 0 
iable m_end = 1 
iable b_start = 
Variable b_end = 1 
Variable i = 0 
Variable test = 0 
Variable endprog = numpnts($bap_in) 
Variable new_start = 0 
Variable count = 0 
 
//step through data and calculate adjusted bap  
do 
 
//align time periods of bap and sector control waves 
do 
 m_start +=1 




 m_end +=1 
while (($bap_time[b_end]>$ps_time[m_end])) 
 
//indicate start and end powerstrip times 
ps_start[i] = m_start 
ps_end[i] = m_end 
or each 10-    
 prior to PSAP 
f ($ps_in[m_start-1]==0)  
test+=1 
ndif 





new_start = m_start 
 
//to be conservative, create test variable that will increase f


























If ($ps_in[m_start]==0)  
 test+=1 
Endif 
       m_start+=1 
while((m_start<=m_end)) 
 
//given that camp contamination flagged 3 times within an hour of the 
//measurement, set bap to O during time period 
 




test = 0 
m_start = new_start 
m_end = new_start + 1 
i +=1 











Macro laisair_met_calc(pm1_in, pm1_time, ps_time, ps_in) 
//goal of this macro is to look at met values and set to zero during camp winds 
String pm1_in 
Prompt pm1_in, "select calculated pm1 wave",popup, Wavelist("*",";","") 
String pm1_time 
Prompt pm1_time, "select pm1 timestamp data",popup, Wavelist("*",";","") 
String ps_time 
("*",";","") 
/make new bap wave for final adjustment 
uplicate/O $pm1_in, pm1_met_adjust 
uplicate/O ch0_num_conc, ch0_num_met 
uplicate/O ch1_num_conc, ch1_num_met 
uplicate/O ch2_num_conc, ch2_num_met 
uplicate/O ch3_num_conc, ch3_num_met 
uplicate/O ch4_num_conc, ch4_num_met 




Prompt ps_time, "select power strip timestamp data",popup, Wavelist("*",";","") 
String ps_in 













appendtotable pm1_met_adjust, ps_start, ps_end 
e/O/N=(numpnts($pm1_in)) ps_end 
 
Variable m_start = 0 
Variable m_end = 1 
Variable i = 0 
Variable test = 0 
Variable endprog = numpnts($pm1_in) 
Variable new_start = 0 
Variable count = 0 
Variable inc = 600 
Variable test_inc = 0 
 






  i+=1 
  print i 
Else  











test_inc = 0 
 
//indicate start and end powerstrip times 
ps_start[i] = m_start 
ps_end[i] = m_end 
 


















































































































































Figure D.1 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on 28 






















Figure D.2 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on 1 

















Figure D.3 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on 5 


























Figure D.4 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on 9 























Figure D.5 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on 13 























Figure D.6 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on 17 























Figure D.7 Calculated 10-day isobaric trajectories arriving at Summit, Green
June 2006 (a), 22 June 2006 (b), 23 June 2006 (c), and 24 June 2006 (d). 




















Figure D.8 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on 25 
 
 

























 D.9 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on 29































































Figure D.12 Calculated 10-day isobaric trajectories arriving at Summit, Greenland on
































Figure D.14 Calculated 10-day isobaric trajectories arriving at  






























D.2 Additional 3-meter Snow Pit Profiles – Greenland Ice Sheet, Summer 2006 
 






































































Greenland and up to 20 km North or South of Summit, Summer 2006 
 
 
1-meter profile of water-insoluble organic carbon (OC) at Summit, 
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D.4 Results from the 2005 Field Campaign to the Greenland Ice Sheet 
 
 
Figure D.18 3-meter snow pit carbonaceous species and oxygen-isotope ratio, Greenland 
Ice Sheet, July 2005.  A number of EC values were below the detection limit (dashed line 










































Figure D.19 3-meter snow pit ions and comparison of GT/UNH sampling with samples 
from a parallel 2-meter snow pit taken by the Xavier Fain of the Laboratoire de 
Glaciologie et  Géophysique de l'Environnement (LGGE), Greenland Ice Sheet, July 












































Figure D.20 Water-insoluble organic carbon (WIOC) measured in the surface snow 




Figure D.21 Elemental carbon (EC) measured in the surface snow during the July 2005 
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